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Specifying neurons and circuits for limb motor control 






 The emergence of limbs in vertebrates represents a significant evolutionary innovation. 
Limbs facilitate diverse motor behaviors, yet require spinal networks that can coordinate the 
activities of many individual muscles within the limb. Here I describe several efforts to 
characterize the specification of spinal motor neurons and assembly of spinal circuits in higher 
vertebrates. I discuss the formation of selective presynaptic sensory inputs to motor pools, a 
process which has long been thought to occur in an activity-independent manner. I demonstrate an 
as yet unappreciated role of activity-dependent refinement in patterning the set of sensory-motor 
connections that link motor pools with synergist function. I also explore the genetic specification 
of motor pools that project to defined muscle targets. I show that the motor pools that control digits 
engage distinct developmental genetic programs which reflect underlying differences in Hox and 
retinoic acid signaling. The divergent mechanisms underlying the specification of digit-
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1 Motor pools underlie limb-based motor behavior 
 
 Animals that self-propel manifest a wide variety of motor capabilities for active terrestrial, 
aquatic and aerial locomotion, as well as dexterous motor tasks such as reaching and grasping. The 
emergence of limbs in vertebrates represents a significant evolutionary innovation to facilitate 
ambulatory terrestrial locomotion and digit-mediated fine motor control. Limb-based motor 
behavior requires spinal networks that can coordinate the activities of many individual muscles 
within the limb. The organizing unit of spinal motor control is the motor pool, the set of spinal 
motor neurons that innervate a given muscle. Although each motor pool displays a distinct 
temporal pattern of activity during a given behavior, motor pools that innervate muscles with 
similar biomechanical function at a joint form functional synergy groups that act with increased 
synchrony. The ability of motor pools to coordinate muscle activity comes from two qualities: the 
set of defined presynaptic sensory and interneuron inputs they receive, and the segregated output 
projections they send to distinct muscle targets. The specification of motor neurons and spinal 
motor circuits is thus essential for limb-based motor control.  
 
 In this thesis, I describe several efforts to characterize the specification of spinal motor 
circuits. In the first half, I discuss the formation of selective presynaptic sensory inputs to motor 
pools, a process which has long been thought to occur in an activity-independent manner. I 
demonstrate an as yet unappreciated role of activity dependent refinement in patterning the set of 
sensory-motor connections that link motor pools with synergist function. In the second half, I 
explore the genetic specification of motor pools that project to defined muscle targets. I show that 
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the motor pools that control digits engage distinct developmental genetic programs, perhaps 
reflecting the unique status of digit control in the evolution of motor behavior. 
 
Organization of motor neuron subtypes in tetrapods 
 
 Land and water based motor behavior in vertebrates can be generally classified as being 
undulatory or ambulatory in character (Figures 1.1A and 1.1B; Grillner and Jessell, 2009). 
Undulatory behavior, driven by alternating waves of muscle contraction along the body axis, is 
observed in fish and limbless tetrapods, such as snakes. Ambulatory behavior, mediated by the 
coordinate activation of limb muscle groups, is observed in limbed tetrapods. Whereas undulatory 
behavior only requires motor neurons that innervate axial and body wall muscles, the expanded 
motor repertoire of ambulatory behavior requires additional motor subtypes that innervate the 
approximately 50 muscles located within the limb (Landmesser, 1978a). The biomechanical 
properties of each muscle are determined by muscle fiber content, fiber length and tendonous 
origin and insertion attachment sites to bone (Biewener, 2016). Each muscle thus produces an 
individual torque at a joint, which can be represented as the degree of flexion versus extension, 
and the degree of abduction versus adduction. 
 
 Spinal motor neurons are broadly divided into topographically segregated columns which 
innervate different peripheral domains (Figure 1.1C; Dasen and Jessell, 2009). The medial motor 
column (MMC) and hypaxial motor column (HMC) are the most evolutionarily ancient motor 
subclasses, innervating axial and body wall musculature, respectively (Fetcho, 1987; Gutman et 
al., 1993). The lateral motor column (LMC) and preganglionic motor column (PGC) emerged later  








Figure 1.1 Motor neuron diversity for limb-based motor behavior 
(A) Undulatory motor behavior, as in the lamprey, is mediated by alternate contraction of body 
wall muscles. (B) Ambulatory motor behavior, as in tetrapods, is mediated by coordinate 
activation of limb muscle groups. (C) Motor column subtypes in the tetrapod spinal cord. PMC, 
phrenic motor column; LMC, lateral motor column; HMC, hypaxial motor column; PGC, 
preganglionic motor column; MMC, medial motor column. Adapted from (Grillner and Jessell, 
2009; Philippidou and Dasen, 2013) 
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in evolution with the formation of paired appendages (Jung and Dasen, 2015). The LMC is 
generated at limb levels of the spinal cord and innervates limb muscles (Romanes, 1951). PGC 
motor neurons are found at thoracic and rostral lumbar levels of the spinal cord and innervate 
sympathetic ganglia (Prasad and Hollyday, 1991). The phrenic motor column (PMC) is generated 
at cervical levels of the spinal cord, innervates the diaphragm and is found only in mammals (Allan 
and Greer, 1997). Finally, sacral motor neurons that innervate pelvic floor muscles represent an 
additional motor cohort and are located in the most caudal part of the spinal cord (Hancock and 
Peveto, 1979).  
 
 In tetrapods, the LMC can be further segregated into two divisions: a medial division which 
contains neurons projecting ventrally within the limb mesenchyme, and a lateral division which 
contains neurons projecting dorsally (Landmesser, 1978b; Tosney and Landmesser, 1985). These 
two divisional subgroups are associated with particular biomechanical of actions of their muscle 
targets: ventrally projecting medial LMC axons typically innervate flexor muscles, whereas 
dorsally projecting lateral LMC axons frequently innervate extensor muscles. The LMC contains 
an additional level of organization that is evident in the segregation of motor neurons into motor 
pools, each of which innervates a dedicated muscle target and occupies a stereotyped position 
within the LMC (Romanes, 1964). Motor pools corresponding to muscles that act synergistically 
at a joint are subsequently organized into higher order clusters, which we have called columels 
(Romanes, 1951; Sürmeli et al., 2011). 
 
 Motor columels and pools are spatially organized within the spinal cord in a topographic 
map that reflects the anatomical arrangement of muscles in the limb (Figure 1.2; Hollyday and 
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Jacobson, 1990; Landmesser, 1978a; McHanwell and Biscoe, 1981; Romanes, 1964; Vanderhorst 
and Holstege, 1997). At both forelimb and hindlimb levels of the spinal cord, motor pools located 
more rostrally in the spinal cord tend to innervate muscles located within the proximal limb, while 
caudal pools project to more distal muscles (Hollyday and Jacobson, 1990; Landmesser, 1978a). 
Columels that control different joints of the limb are distributed in tiers across the dorsoventral 
axis, with columels controlling proximal joints located more ventrally than columels controlling 
more distal joints (McHanwell and Biscoe, 1981; Romanes, 1964; Vanderhorst and Holstege, 
1997). According to divisional segregation, columels with flexor/extensor function at a joint are 
separated within a tier, with columels controlling flexor muscles tending to be located medially 
and columels controlling extensor muscles tending to be located laterally.  
 
 At hindlimb levels, the ventral spinal cord is divided into four tier domains corresponding to 
motor neurons projecting to the foot, lower leg, thigh and hip (Figure 1.2D; Sürmeli et al., 2011). The 
most dorsally positioned tier is occupied by motor neurons projecting to the intrinsic foot muscles. The 
second tier is occupied by motor neurons projecting to the crural muscles of the lower leg, with the 
medial portion corresponding to posterior crural muscles that flex the ankle, and the lateral portion 
corresponding to anterior crural muscles that extend the ankle. The third tier is occupied by motor 
neurons projecting to the thigh, with the medial portion containing motor neurons projecting to the 
adductor and hamstring muscles and the lateral portion containing motor neurons projecting to the 
adductor and quadriceps muscles. The fourth tier is occupied by motor neurons projecting to the 
proximal hip muscles, with the iliopsoas hip flexor muscles located more medially than the gluteal hip  
extensor muscles.   
 







Figure 1.2 The organization of motor pools in the mammalian spinal cord  
(A) Motor neurons that innervate a single muscle are clustered in motor pools. Motor pools 
innervating synergist muscles are arranged in higher order structures termed columels.   (B) The 
proximodistal organization of muscles in the mammalian limb. Abbreviations: proximal hip 
(PH), iliopsoas (IP), adductors (A), quadriceps (Q), hamstrings (H), anterior crural (AC), 
posterior crural (PC), intrinsic foot (F). (C) The dorsoventral (µm) positions of motor pools in 
the cat lumbar spinal cord and the proximodistal (cm) positions of muscles in the cat hindlimb.  
(D) Columelar organization along the dorsoventral axis, after rostrocaudal compression in two 
dimensions. Columels are assigned to dorsoventral tiers that correspond to muscles at individual 
joints. (E) Columelar positions from L3 to L5 in mouse. Adapted from (Sürmeli et al., 2011). 
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Coordination of motor pool output during locomotion 
 
 Locomotor behavior requires the precise temporal activation of motor pools during the step 
cycle. Each muscle in the forelimb and hindlimb has an individual EMG profile during the step 
cycle, which reflects a stable spatiotemporal map of motor pool burst timing (Figure 1.3; Machado 
et al., 2015; Rossignol, 1996; Yakovenko et al., 2002). Which presynaptic inputs are involved in 
coordinating spinal motor output? Evidence from decerebrate cats suggests that descending 
brainstem inputs are required to initiate locomotor behavior, through activation of the 
mesencephalic locomotor region (MLR), which activates the medial medullary reticular formation 
(MRF), which in turns projects to the spinal cord through the ventrolateral funiculus (Whelan, 
1996). However, even in the absence of this descending brainstem input, or peripheral sensory 
information, the spinal cord is capable of producing rhythmic alternation between flexor and 
extensor muscles, as measured by nerve or EMG activity (Grillner and Wallén, 1985; Grillner and 
Zangger, 1979).  
 
 The view that spinal circuits are sufficient to produce locomotor-like network activity was 
extended by the observation that in vitro rodent spinal cord preparations can be induced to generate 
locomotor-like firing following the application of drugs or electrical stimulation of sensory or 
descending projections (Beliez et al., 2014; Cowley and Schmidt, 1997; Kiehn and Kjaerulff, 1996; 
Kudo and Yamada, 1987; Talpalar et al., 2011). By monitoring the pattern of spinal root or nerve 
activity, these studies revealed that the spinal cord is capable of generating flexor-extensor 
alternation activity patterns in the absence of sensory input from the limb. Together, these 
observations led to the concept of the central pattern generator (CPG), an interneuron network that  




Figure 1.3 Patterns of muscle activation during the locomotor cycle 
EMG patterns of hindlimb muscle activation during the locomotor step cycle. Adapted from 
(Yakovenko et al., 2002). 
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is capable of generating an organized pattern of motor activity independently of sensory inputs 
(Goulding, 2009; Grillner and Shik, 1973). 
 
 Nevertheless, evidence from multiple model systems suggests that peripheral sensory 
information is essential in behaving animals for coordinated motor output. Unilateral transections 
of hindlimb dorsal root ganglia afferent in cat result in varying degrees of perturbation in the 
resulting locomotor EMG muscle activity patterns (Grillner and Zangger, 1984; Hiebert and 
Pearson, 1999). Similarly, cats treated with overdoses of pyridoxine (vitamin B6) exhibit a loss of 
large-diameter cutaneous and proprioceptive sensory afferents which results in delayed postural 
reactions and ataxic locomotor behavior (Stapley et al., 2002). In a genetic study in mouse, 
proprioceptive sensory feedback was selectively attenuated by a mutation in the Egr3 gene, which 
impairs muscle spindle activation (Akay et al., 2014). These mutant mice exhibit a degraded 
locomotor pattern characterized by a loss of inter-joint coordination and flexor-extensor 
alternation. Thus, presynaptic inputs to motor neurons from peripheral sensory neurons and local 
interneurons are both involved in generating coordinated motor output.  
 
Organization of sensory inputs to motor pools 
 
 The flexibility of the motor system in achieving a wide range of tasks is facilitated by the 
complexity of the muscular-skeletal system. Each muscle has a distinct origin and insertion 
attachment to bone, producing an individual torque at a joint, which can be represented as the 
degree of flexion versus extension on one axis, and the degree of abduction versus adduction on 
the second axis. Across these two dimensions, muscles can thus be coded by biomechanical 
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similarity as those that produce synergistic or antagonistic functions at a joint (Figure 1.4A; 
Nichols et al., 2002, 2016). The ability of proprioceptive sensory afferents to regulate and 
coordinate motor output depends on the particular pattern of monosynaptic innervation. 
Proprioceptive sensory afferents that innervate a given muscle project selectively to motor neurons 
that innervate the same muscle, as well as those that innervate muscles with synergist 
biomechanical properties (Figure 1.4B; Eccles et al., 1957; Nichols et al., 2002, 2016). 
 
 The circuit mechanisms by which sensory input coordinates motor pool output has been 
the subject of considerable research since the characterization of spinal reflexes by Charles 
Sherrington over a century ago (Sherrington, 1906). In mammals, proprioceptive sensory 
information is relayed from the limb to interneurons in the intermediate zone of the spinal cord 
and motor neurons in the ventral horn by three types of sensory afferents (Windhorst, 2007). Group 
Ia proprioceptive sensory afferents innervate the primary endings of muscle spindle fibers, and 
respond to increases in spindle length. This muscle stretch dependent information is relayed to 
motor neurons both through direct monosynaptic contacts and through polysynaptic interneuron 
pathways. Group II afferents innervate the secondary endings of muscle spindle fibers and form 
weaker monosynaptic connections with motor neurons, thus serving a supportive functional role 
in relaying information about muscle stretch. In contrast, group Ib sensory afferents innervate 
Golgi tendon organs and respond to changes in muscle tension. These fibers generally do not 
contact motor neurons directly, but instead form connections with spinal interneurons. 
Consequently, the most direct mechanism by which proprioceptive sensory neurons regulate the 
output of spinal motor neurons is the group Ia monosynaptic spinal reflex.    
  












Figure 1.4 Proprioceptive feedback is correlated with muscle biomechanics 
(A) Mechanical similarity of muscle actions. Cells are coded according to the cosine of the angle 
between the lines of action of each pair of muscles. The colors depict a continuum ranging from 
completely agonistic muscles (dark red) to completely antagonistic muscles (dark blue) with a 
midpoint where muscle pairs have no shared joint actions (light green). The order of the muscles 
in the rows and columns was chosen based on a cluster analysis that groups muscles according 
to their normalized moment arm vector. (B) Magnitude of proprioceptive length feedback 
between muscle pairs. Excitatory connections are shown in yellow, red and dark red, with darker 
color representing increased strength of excitation. Inhibitory connections are shown in cyan 
and blue. Connections that can be either excitatory or inhibitory are shown in green. Adapted 
from (Nichols et al., 2016). 
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 The strength of monosynaptic proprioceptive input to motor neurons was first determined 
through intracellular recordings.  After identifying the muscle connectivity of an individual motor 
neuron though antidromic stimulation, motor EPSPs were recorded following the sequential 
stimulation of distinct muscle nerves and thus proprioceptive sensory afferents (Eccles et al., 
1957). Across vertebrates, motor neurons that innervate a given muscle were found to receive the 
strongest proprioceptive input from that same muscle, an autogenic form of feedback known as 
homonymous proprioceptive feedback (Eccles et al., 1957; Frank and Westerfield, 1983; Hongo 
et al., 1984). Motor neurons receive weaker feedback from muscles with synergist biomechanical 
function at a joint, termed heteronymous feedback (Figure 1.5B). In rare instances, motor neurons 
may receive heteronymous feedback from muscles acting at adjacent joints, which may assist 
cross-joint coordination (Eccles et al., 1957; Hongo et al., 1984; Nichols et al., 2002). In contrast, 
motor neurons do not receive proprioceptive input from muscles with antagonist or unrelated 
function. Instead, proprioceptive sensory afferents contact inhibitory 1a interneurons that silence 
motor neurons with antagonistic function at a joint, a mechanism underlying reciprocal inhibition.  
 
 The strength of heteronymous sensory-motor synaptic connections is typically weaker than 
that of homonymous connections in two respects (Figure 1.5C). Individual sensory afferent fibers 
contact both homonymous and heteronymous motor neurons (Scott and Mendell, 1976). However, 
nearly all motor neurons within a pool receive homonymous sensory input, whereas ~40-70% of 
motor neurons within a pool receive heteronymous sensory input from a given muscle (Mendell 
and Henneman, 1968; Nelson and Mendell, 1978; Scott and Mendell, 1976). Additionally, 
heteronymous sensory-motor synapses are found at a lower density on individual motor neurons 
(Brown  and  Fyffe, 1981;   Burke and Glenn,   1996).   The   synaptic   efficacy   of   individual  






Figure 1.5 Organization of proprioceptive feedback to motor neurons 
(A) Proprioceptive group 1a afferents contact homonymous motor neurons and avoid motor 
neurons that innervate antagonist muscles. (B) Proprioceptive sensory afferents for weaker 
contacts with heteronymous motor neurons that innervate muscles with synergist biomechanical 
function. (C) Sensory afferents contact nearly all homonymous motor neurons but only a subset 
of heteronymous motor neurons. Additionally, sensory afferents form more contacts with 
individual homonymous motor neurons than individual heteronymous motor neurons. From 
(Nelson and Mendell, 1978). 
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heteronymous synapses is comparable to that of individual homonymous synapses, suggesting that 
the difference in strength of these two types of feedback is due to the differing number of synaptic 
contacts (Kuno and Miyahara, 1969).  
 
 Although the basic logic of monosynaptic sensory-motor feedback is conserved in 
mammals, subtle variations can be observed across species. These variations most frequently 
involve changes in the relative strength of heteronymous connections to a particular motor pool. 
However, changes in the identity of heteronymous connections have also been observed across 
species, with the formation of heteronymous connections between novel muscle pairs and the 
regression of others (Frank and Westerfield, 1983; Hongo et al., 1984). These changes in 
heteronymous sensory-motor feedback may represent adaptations to kinematic variations across 
species (Hongo et al., 1984).  
 
Sensory-motor circuit assembly 
 
 The specificity with which proprioceptive sensory afferents contact spinal motor neurons 
raises the problem of how these connections are established during development. Spinal motor 
neurons are generated within the neural tube at approximately e9.5 in mouse, after which they 
acquire divisional and pool identities through a process of extrinsic signal and transcription factor 
mediated specification that directs the innervation of target muscle in the periphery (Dasen, 2009). 
Limb-derived factors play a later role in motor neuron specification by inducing transcription 
factors that mediate pool clustering and arborization of motor terminals within muscle.   
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 Sensory neurons residing within the dorsal root ganglia (DRG) are derived from a 
migratory population of neural crest cells that are generated at approximately e10.5 and are also 
specified at early stages by transcription factors (Sauka-Spengler and Bronner-Fraser, 2008). The 
basic helix-loop-helix transcription factors Neurogenin 1 and Neurogenin 2 are required for initial 
sensory identity, upon which the transcription factors Brn3a and Isl1 contribute to the differential 
specification of DRG sensory neurons into proprioceptive sensory neurons, defined by Er81 and 
Runx3, and cutaneous sensory neurons, defined by Runx1 and Isl1(Arber et al., 2000; Eng et al., 
2001; Inoue et al., 2002; Levanon et al., 2002; Lin et al., 1998; Ma et al., 1999; McEvilly et al., 
1996; Sun et al., 2008). Unlike motor neurons, sensory neuron subtypes do not segregate 
anatomically within DRG, but are distributed in a near-mosaic fashion.  
  
 Moreover, sensory neurons are not directed to their peripheral targets by intrinsic 
transcriptional programs. Their peripheral projections are dependent on routes previously 
established by motor axons, and when motor neurons are surgically removed, sensory neurons are 
redirected towards cutaneous targets (Gallarda et al., 2008; Landmesser and Honig, 1986; Swanson 
and Lewis, 1986; Wang and Scott, 2000). Additional evidence for the role of peripheral signals in 
sensory specification comes from surgical transplant experiments. When proprioceptive afferents 
are forced to innervate inappropriate limb muscles, either by transplanting the DRG or the limb 
itself, their central connectivity changes to match the new peripheral target (Smith and Frank, 
1987; Wenner and Frank, 1995). One peripheral signal that has been implicated in the specification 
of proprioceptive sensory neurons is NT3, which controls the expression of ER81 (Arber et al., 
2000). ER81 has a differential role in the survival and differentiation of proprioceptive sensory 
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neurons depending on their muscle target, and the level of NT3 in muscle predicts the degree of 
ER81 dependence (de Nooij et al., 2013). 
 
 Molecular screens to identity muscle-type specific patterns of gene expression in 
proprioceptors revealed several genes differentially expressed by muscles with antagonist activity 
at the ankle joint (Poliak et al., 2016). Two genes, Cdh13 and Sema5a, are preferentially expressed 
by proprioceptors that innervate dorsal-distal hindlimb muscles, whereas Crtac1 is expressed by 
proprioceptors supplying ventral-distal muscles. These molecular features of proprioceptor 
muscle-type identity appear to be imposed by spatially confined signals from the limb 
mesenchyme. Cdh13 expression is unaffected in mutants in which motor neurons or muscle is lost. 
However, in mutants where the dorsal mesenchyme acquires a ventral positional character, the 
proprioceptors that project into the dorsally positioned but ventrally specified mesenchyme lose 
expression of Cdh13. Conversely, in mutants where the ventral mesenchyme acquires a dorsal 
character, proprioceptors that project through ventrally positioned but dorsally specified limb 
mesenchyme acquire Cdh13 and Sema5a expression and lose Crtac1 expression.  
 
 How do proprioceptive sensory neurons recognize the appropriate motor target? Recent 
genetic studies in mice have suggested that the clustering of motor pools and columels provides a 
positional logic that helps to establish the precise pattern of sensory-motor connectivity. 
Eliminating the Hox gene cofactor FoxP1 results in the loss of motor pool identity and the 
scrambling of motor neuron settling position (Dasen et al., 2008; Sürmeli et al., 2011). In this 
context, sensory afferents innervating a given muscle form inappropriate connections with motor 
neurons that occupy the positional domain corresponding to the normal dorsoventral settling 
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position of the relevant motor pool (Sürmeli et al., 2011). Moreover, sensory afferents continue to 
target the appropriate dorsoventral tier even when motor neurons are no longer present in their 
normal position. These findings suggest that sensory afferents target discrete dorsoventral domains 
of the spinal cord without regard for motor neuron subtype or the presence of motor neurons. 
Although the extracellular cues responsible for guiding sensory afferents to the appropriate 
dorsoventral position have get to be identified, glial derived factors represent a plausible source 
(Molofsky et al., 2014). 
 
 Motor neuron transcription factor expression has also been implicated in sensory 
discrimination between certain motor pools. The ETS protein Pea3, which contributes to motor 
pool clustering and axon arborization patterns, plays a role in the establishment of sensory-motor 
circuits for specific muscles in the forelimb (Livet et al., 2002; Vrieseling and Arber, 2006). At 
brachial levels, Pea3 is expressed in motor neurons projecting to the cutaneous maximus and 
latissimus dorsi muscles. In Pea3 mutants, cutaneous maximus motor neurons received 
inappropriate sensory contacts from triceps muscle. However, the mechanism by which Pea3 
restricts inappropriate sensory input remains unclear due to the confounding influence of Pea3 on 
motor pool positioning and dendritic arborization. Nevertheless, Pea3 is known to regulate the 
downstream expression of several surface recognition molecules, including Cadherin 7, Cadherin 
8 and Sema3E (Livet et al., 2002).  
 
 The surface recognition molecule Sema3E, and its cognate sensory receptor, PlexinD1, 
have subsequently been directly implicated in the establishment of sensory-motor contacts 
(Fukuhara et al., 2013; Pecho-Vrieseling et al., 2009). Sema3E is expressed by select motor pools, 
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whereas PlexinD1 is expressed by proprioceptive sensory afferents, with enrichment in 
proprioceptors that innervate muscles corresponding to Sema3E expressing motor pools. Loss of 
either Sema3E or PlexinD1 perturbs sensory-motor specificity with no alteration in motor 
organization or muscle innervation. Moreover, ectopic Sema3E expression restricts sensory 
connectivity, suggesting that Sema3E is sufficient to restrict sensory input to motor neurons. These 
results indicate that molecular recognition is another mechanism by which sensory afferents can 
recognize motor targets, in this case through a Sema3E-PlexinD1 mediated program of repellent 
signaling. 
 
Activity-dependent refinement in sensory-motor circuit development 
 
 Activity-dependent refinement operates throughout the central nervous system (CNS) to 
shape developing circuits by eliminating unwanted synapses and strengthening and maintaining 
desired connections (Okawa et al., 2014). Presynaptic activity has been previously shown to 
mediate competitive synapse elimination in numerous contexts, including the neuromuscular 
system and the cerebellar climbing fiber-Purkinje system (Buffelli et al., 2003; Lorenzetto et al., 
2009).  
 
 Most studies that have explored the developmental basis of sensory-motor specificity have 
focused on genetically defined mechanisms through which sensory afferents establish strong 
homonymous connections with motor neuron pools innervating the same muscle, and are able to 
avoid motor neurons that innervate antagonist muscles. Indeed, many aspects of the selectivity and 
shaping of spinal sensory-motor connections have been argued to occur without any influence of 
patterned sensory activity (Mears and Frank, 1997; Mendelson and Frank, 1991). Antagonist 
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specificity in mouse, frog and chick is apparent at late embryonic stages and remains stable through 
early postnatal development, suggesting that these connections are not subject to postnatal 
refinement (Frank and Westerfield, 1983; Lee and O’Donovan, 1991; Mears and Frank, 1997). 
This prevailing ‘activity-independence’ view has also been supported by studies showing that 
sensory afferents continue to avoid antagonist motor pools when their activation is blocked through 
muscle paralysis or loss of muscle spindle function (Mendelson and Frank, 1991; Shneider et al., 
2009a; Wang et al., 2012).  
 
 In the first of these studies, coordinated neurogenic activity was blocked in developing 
chick embryos through chronic application of d-tubocurarine (dtc) (Mendelson and Frank, 1991). 
The pattern of sensory-motor innervation was subsequently examined by recording synaptic 
potentials intracellularly from identified motor neurons upon stimulation of individual sensory 
nerves. Antagonist specificity was found to be unaltered under conditions of peripheral activity 
blockade, suggesting that normal patterns of sensory-motor connectivity form in an activity 
independent manner. These investigators also examined the pattern of connectivity within synergy 
groups, and found instances in which novel heteronymous connections were formed following 
curare application that were not observed in control animals. Nevertheless, interpretation of this 
study is complicated by two additional effects of curare application. Peripheral muscle paralysis 
reduces the programmed death of motor neurons that normally occurs during embryonic 
development. The investigators also noted that curare application doubled the size of motor EPSPs 
upon sensory stimulation, a finding that they postulated might result from sensory sprouting.  
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 The formation of sensory-motor connectivity has also been explored in the context of 
impaired muscle spindle function (Shneider et al., 2009a; Wang et al., 2012). Eliminating the 
Neuregulin 1 receptor ErbB2 or the zinc-finger transcription factor Egr3 from intrafusal muscle 
precursors blocks the formation of mature muscle spindles, yet does not disrupt the survival of 
proprioceptive sensory afferents and causes only a modest reduction in the density of anatomically 
defined sensory-motor connections, which can be restored through postnatal injections of NT3. 
Prior to the application of NT3, sensory-motor synapses in these mutants are functionally silent, 
yet they form with appropriate antagonist specificity, suggesting that sensory activity is not 
necessary for sensory avoidance of antagonist motor pools.  
 
 The issue of how sensory afferents form heteronymous synaptic connections with motor 
neuron pools that supply synergist muscles has yet to be resolved. The pattern of heteronymous 
sensory-motor connectivity between synergist motor pools and the mechanisms by which these 
selective connections are patterned during development are the subject of the subsequent two 
chapters. 
 
Specification of motor pools to distinct muscle targets 
 
 In the second half of this thesis, I turn to the question of how motor pools acquire distinct 
identities that allow them to form segregated projections to individual muscle targets. The 
existence of over 50 muscle groups in the limbs of most tetrapods demands an equivalent diversity 
of motor neuron pool subtypes. The generation of spinal motor neuron diversity is thus critical for 
establishing spinal circuits that mediate limb-based motor coordination. 




 Motor neurons acquire distinct pool identities through a process of differentiation that 
defines their stereotyped settling positions within the spinal cord, patterns of dendritic arborization 
and selection of targets in the periphery (Dasen and Jessell, 2009). These anatomical features are 
shared by all motor neurons within a pool, and differ from pool to pool. The number of motor 
neurons within a pool is relatively stereotyped as well, and is thought to be achieved through 
regional variations in neurogenesis and subsequent programmed cell death (Oppenheim, 1989). 
Motor neurons within a pool also feature common physiologic properties, since they are linked 
both by premotor sensory and interneuron circuits, and by transient coupling through gap junctions 
early in development. These gap junctions are thought to facilitate physiologic synchronization 
and biochemical communication during development (Chang et al., 1999). The anatomical 
stereotypy of motor pool positioning and connectivity has led to the widely held view that motor 
pool differentiation is instructed by genetic mechanisms. In fact, the core features of motor neuron 
identity are defined by secreted signal molecule gradients that subsequently regulate the selective 
expression of specific transcription factors. 
 
 Spinal motor neurons and interneurons are initially generated at approximately e9.5 at 
defined positions along the dorsoventral axis of the neural tube in response to several graded 
extrinsic signals, including sonic hedgehog (Shh) from the notochord and floor plate, and fibroblast 
growth factors (FGFs) and retinoic acid (RA) by the paraxial mesoderm (Jessell, 2000). The 
dorsoventral gradient of Shh produces five domains of ventral neurons, such that the most ventral 
domains require the highest concentration of Shh. The differentiation of dorsal neurons, in 
contrast, is mediated by a dorsoventral gradient of bone morphogenetic protein (BMP) produced 
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by the epidermal ectoderm (Liem et al., 1995). The ventral neural tube is protected from the 
dorsalizing effects of BMP by the BMP antagonist Noggin, which is secreted by the notochord 
(McMahon et al., 1998). Shh mediates domain formation in the ventral neural tube by controlling 
the expression of homeodomain and basic helix-loop-helix (bHLH) classes of transcription factors, 
which are defined in two classes (Figure 1.6A). Class I genes are expressed dorsally and are 
repressed by Shh, whereas class II genes are expressed ventrally and are activated by Shh (Briscoe 
et al., 2000). Pairs of these transcription factors engage in mutually repressive interactions that 
create the boundaries between progenitor domains. Thus, each progenitor domain is defined by a 
distinct code of transcription factor expression. The motor neuron progenitor domain (pMN) is 
defined by the expression of the bHLH protein Olig2 and Nkx6 homeodomain proteins (Briscoe 
et al., 2000; Novitch et al., 2001). 
  
 Motor neuron progenitors subsequently acquire distinct motor pool subtype identities 
through a process of differentiation in which signal molecule gradients regulate the expression 
Hox transcription factors. Post-mitotic motor neuron subtype diversity is generated along the 
rostrocaudal axis of the spinal cord by graded expression of FGFs and retinoic acid (Dasen and 
Jessell, 2009). Retinoic acid is expressed rostrally, whereas FGFs are expressed caudally, along 
with the TGFβ family member Gdfl1. Together, these signaling molecules define the expression 
of Hox transcription factors (Figure 1.6B). Hox4-Hox8 are expressed at brachial levels of the spinal 
cord, Hox8-Hox9 genes are expressed at thoracic levels and Hox10-Hox13 are expressed at lumbar 
levels. Individual Hox gene expression is further refined through mutually repressive interactions. 
Misexpression of either the initial signaling molecules or the individual Hox genes can redirect 
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post-mitotic motor neurons to different subtype identities, thus controlling the expression of 
downstream genes and subsequent target innervation (Dasen et al., 2003, 2005).  
 
 The activity of Hox proteins depends on interactions with conserved DNA binding 
cofactors that serve to refine and constrain their function. In vertebrates, the protein FoxP1 is 
selectively expressed by a subset of spinal neurons and is essential for mediating Hox-dependent 
stages of differentiation (Dasen et al., 2008). The two motor neuron columns that express FoxP1 
are PGC neurons, which express it at low levels, and LMC neurons, which express it at high levels. 
The level of FoxP1 expression is Hox-dependent, since misexpression of Hox6 or Hox10 can 
redirect thoracic motor neurons to express FoxP1 at high levels and thus acquire an LMC identity 
(Dasen et al., 2008). Moreover, misexpression of FoxP1 can itself redirect thoracic neurons to an 
LMC fate as long as Hox activity remains unperturbed. In the absence of FoxP1, prospective LMC 
and PGC neurons are reduced in number and no longer express appropriate markers of columnar, 
divisional and pool identities, instead acquiring an HMC-like identity (Dasen et al., 2008; Rousso 
et al., 2008). At thoracic levels, these HMC-like neurons are redirected to the body wall. But at 
brachial and lumbar levels, HMC-like neurons in FoxP1 mutants continue to innervate the limb, 
although in a disorganized manner. These results suggest that the overall pattern of motor nerve 
branching within the limb is determined by signals in the limb mesenchyme, but that the 
FoxP1/Hox program directs the LMC-identity dependent molecular programs that facilitate axonal 
responses to local cues necessary for muscle target selection.  
  





Figure 1.6 Motor neuron subtype patterning and specification 
(A) Shh generates five neural domains in the ventral neural tube by controlling the expression 
of two classes of transcription factors. Class I genes are expressed dorsally and are repressed by 
Shh, whereas class II genes are expressed ventrally and are activated by Shh. (B) The 
rostrocaudal axis of the spinal cord is patterned by gradients of retinoic acid rostrally and FGF 
caudally which define the sequential expression of Hox transcription factors. Individual Hox 
gene expression is further refined through mutually repressive interactions to define motor 
neuron subtypes. (C) Hox-dependent expression of LIM homeodomain factors defines columnar 
and divisional identities, as well as nerve trajectories. Later aspects of motor differentiation are 
controlled by target derived cues. Adapted from (Dasen, 2009; Dasen and Jessell, 2009). 
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 A critical step in Hox-dependent motor neuron specification is the expression of 
downstream columnar, divisional and pool markers that direct aspects of motor neuron positional 
settling, dendritic arborization and target innervation (Figure 1.6C). Motor neuron genesis is 
complete by e10.5-e11, and newly post-mitotic motor neurons are characterized by the expression 
of a distinct set of homeodomain factors, including Hb9, Isl1/2, and Lhx3/4 (Arber et al., 1999; 
Tsuchida et al., 1994). These transcription factors initially control features common to all spinal 
motor neurons, are subsequently involved in defining later aspects of subtype diversification 
between e11.5 and e12.5. Expression of Lhx3, for example, represses FoxP1 expression and directs 
motor neurons towards MMC fate, as defined by the expression of Isl1/2, Lhx3 and Hb9 (Dasen 
et al., 2008).  
 
 In addition to cell-autonomous genetic programs, local signaling pathways also play a role 
in establishing motor neuron fate. In LMC neurons, the FoxP1/Hox program directs expression of 
RALDH2, an enzyme that catalyzes the synthesis of retinoic acid. Unlike the early embryonic role 
of mesodermal retinoids in establishing Hox expression, this later role of retinoid signaling serves 
to establish divisional distinctions within the LMC (Sockanathan and Jessell, 1998; Sockanathan 
et al., 2003). Medial LMC (LMCm) neurons, defined by the expression of Isl1, are generated first 
and express RALDH2. As later born LMC neurons migrate past these retinoid producing LMCm 
neurons, they acquire a lateral LMC (LMCl) character, defined by the expression of Hb9, Lhx1 
(Lim1) and Isl2. Local retinoid signaling also serves to suppress PGC and HMC fate. PGC neurons 
engage in a separate signaling pathway, expressing BMP5 and pSMAD, although the functional 
role this pathway plays in PGC fate specification remains unresolved (Dasen et al., 2003).  
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 Many aspects of motor neuron development are directed by the FoxP1/Hox program 
independently of target-derived cues. The expression of Lhx1 by LMCl neurons plays a critical 
role in directing axons into the dorsal limb through regulation of the guidance receptor EphA4, 
which repels axons from Ephrin-A expressing cells in the ventral limb mesenchyme (Kania and 
Jessell, 2003). FoxP1/Hox signaling also controls the expression of a diverse array of motor pool-
specific transcription factors, including members of the Nkx, Runx, POU, and Fox families, as 
well as cadherin cell surface molecules (Dasen et al., 2008). The expression of Nkx6.1 by certain 
motor pools is necessary for establishing the pattern of nerve trajectories in the limb, although the 
downstream cell surface molecules necessary for fine-grained axon guidance have yet to be 
identified (De Marco Garcia and Jessell, 2008). Cadherin-catenin signaling has been shown to 
direct motor pool positioning within the spinal cord, and joint inactivation of β- and γ-catenin 
erodes motor pool organization without disturbing the link between motor neuron transcriptional 
identity and axon target specificity (Demireva et al., 2011). 
 
 How does Hox signaling regulate the expression of these downstream genetic programs? 
Hox genes control the expression of the receptor tyrosine kinase Ret and members of its Gfrα 
coreceptors in distinct subsets of motor neurons. Ret/Gfrα signaling is in turn essential for 
mediating Hox-dependent programs of motor neuron differentiation and connectivity, as 
disrupting this signaling cascade causes defects similar to those observed after selective removal 
of Hox genes (Catela et al., 2016). One mechanism by which Ret influences axon trajectory is 
through the modulation of signaling through Eph receptors, and Ret has been shown to be required 
for the selection of a dorsal trajectory within the limb (Bonanomi et al., 2012).  
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 The expression of other pool-specific ETS transcription factors, such as Pea3 and Er81, 
relies on the presence of inductive signals from the limb mesenchyme and muscle (Lin et al., 1998). 
However, not all motor neurons are competent to respond to these neurotrophic signals, and the 
expression of receptors that facilitate the response to peripheral cues is thought to be Hox-
dependent (Dasen et al., 2005). The expression of Pea3 in motor neurons is dependent on glial-
derived neurotrophic factor (GDNF) and is necessary for later aspects of motor pool differentiation 
such as pool clustering, dendritic arborization and muscle-specific patterns of axonal innervation. 
Thus, motor pool specification appears to occur in two main phases: an intrinsic phase that confers 
aspects of motor neuron identity involved in the selection of target muscle connectivity and a later 
phase that operates after motor axons have reached their muscle targets, which is associated with 
ETS gene expression.  
 
 There are additional subtype distinctions that exist within a single motor pool. Motor 
neurons can be classified as fast or slow, depending on the size of the muscle fibers innervated. 
Motor pools typically contain a mixture of fast and slow motor neurons, although the specific 
composition may vary between pools depending on the biomechanical function of the target 
muscle. Fast and slow motor neurons generate different degrees of force during muscle contraction 
and thus exhibit distinct profiles of activation during motor behavior. Fast and slow motor neurons 
can be also be distinguished by their transcriptional profiles, with SV2A and ERRβ selectively 
expressed in slow motor neurons and Chodl selectively expressed in fast motor neurons 
(Chakkalakal et al., 2010; Enjin et al., 2010).  
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 Motor neurons that innervate extrafusal versus intrafusal muscle fibers can also be 
distinguished based on differences in morphology, connectivity and transcriptional profiles (Burke 
et al., 1977; Friese et al., 2009). Extrafusal fiber-innervating alpha motor neurons are responsible 
for generating muscle force, have large cell bodies, receive proprioceptive sensory input and 
express the marker NeuN (Friese et al., 2009). Intrafusal fiber-innervating gamma motor neurons, 
which represent approximately one third of all motor neurons, modulate the sensitivity of muscle 
spindles to stretch. They have smaller cell bodies, do not receive proprioceptive sensory input and 
express the marker Err3 (Friese et al., 2009). The survival of gamma motor neurons precursors 
during embryonic development is dependent on glial cell line-derived neurotrophic factor 
(GDNF), which is expressed selectively by intrafusal muscle fibers (Gould et al., 2008; Whitehead 
et al., 2005). Gamma motor neurons express the GDNF receptor Gfrα1 and deletion of GDNF 
from muscle spindles results in the selective elimination of gamma motor neurons, with no effect 
on the spindle and its sensory innervation (Shneider et al., 2009b). The mechanisms regulating the 
downregulation of NeuN in gamma motor neurons has not yet been resolved.  
 
Motor system evolution for coordinated behavior 
 
 The emergence of a Hox-dependent program of MN columnar and pool specification is 
consistent with the observation that motor columns emerged at different stages of evolution in 
parallel with the elaboration of peripheral target structures. The most evolutionarily ancient aquatic 
vertebrates, such as lamprey, lacked fins and engaged in simple undulatory locomotor behaviors. 
These organisms possess motor neurons with MMC and HMC characters, but lack LMC and PGC 
motor neurons (Fetcho, 1992). The interdependence between limb morphology and spinal motor 
MOTOR POOLS UNDERLIE LIMB-BASED MOTOR BEHAVIOR 29 
 
 
organization is also reflected across the evolutionary lineage in vertebrates that engage distinct 
motor behaviors. Undulatory motor behavior, driven by MMC mediated sinusoidal waves of 
muscle contraction along the body axis, is also observed in limbless tetrapods such as snakes.  
 
 The emergence of fish with paired appendages led to the emergence of a LMC-like 
population of motor neurons to innervate the pectoral fins. However, the primary source of 
propulsion in ray-finned fish is undulatory axial contraction; pectoral fins are primarily used for 
steering (Sfakiotakis et al., 1999). These LMC-like pectoral fin-innervating motor neurons share 
certain characteristics with LMC limb-innervating motor neurons in tetrapods. Zebrafish pectoral 
fin-innervating motor neurons express RALDH2 and certain LIM homeodomain proteins 
(Begemann et al., 2001; Uemura et al., 2005). However, there is no current evidence that they 
express FoxP1 or demonstrate a Hox-dependent program of subtype specification and topographic 
organization.  
  
 The formation of limbs in tetrapods introduces the pressing dilemma of how to match 
projection neurons with more varied muscle target structures in the periphery, since ambulatory 
behavior requires the coordinate activation of muscles at multiple joints. Whereas bony fins 
contain two main skeletal tissues, endochondral bones and fin rays, vertebrate limbs have 
expanded endochondral skeletons composed of three limb segments: the stylopod, zeugopod and 
autopod (Figure 1.7A). A prominent feature of limb evolution is the elaboration of digits within 
the autopod (Schneider and Shubin, 2013). Although the morphology of each of these skeletal limb 
segments varies across species, they are present in all limbed tetrapods (Figure 1.7B). 
Consequently, the formation of multiple limb segments necessitated the expansion of spinal motor  







Figure 1.7 Evolution of the tetrapod limb 
(A) The fossil lineage shows the progressive elaboration of the distal skeleton and appearance 
of digits. (B) Limb homology across vertebrate tetrapod species. Adapted from (Schneider and 
Shubin, 2013). 
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neuron diversity and organization of motor pools within the LMC to facilitate joint and digit 
control. Loss of FoxP1-mediated LMC specification leads to a reversion of spinal motor identity, 
such that all spinal motor neurons acquire an HMC and MMC subtype character (Dasen et al., 
2008). The loss of LMC motor neurons leads to maladaptive locomotion, in which mutants use 
their limbs as paddle-like appendages and propel themselves forward using undulatory axial 
muscle contraction (Sürmeli et al., 2011). Therefore, the emergence of LMC neurons in tetrapods 
likely required evolutionary modifications in the functions of Hox proteins and regulatory 
elements within the FoxP1 gene.  
 
 Insight into the evolutionary changes in Hox-mediated regulation of spinal motor neuron 
diversity comes from an analysis of Hox expression in vertebrates with distinct limb morphologies 
(Figure 1.8; Jung et al., 2014). Snake embryos, which lack limbs, have no detectible LMC 
populations, as defined by high levels of FoxP1 and RALDH2 expression. Instead, snakes have an 
extended thoracic organization, with MMC and HMC neurons located throughout the spinal cord. 
This columnar reorganization is mediated by a loss of Hoxc6 expression, and an expansion of 
Hoxc9 throughout the rostrocaudal spinal cord axis. These findings are consistent with evidence 
from Hoxc9 mutants that Hoxc9 represses FoxP1 expression and engagement of limb-innervation 
programs (Jung et al., 2010). Similarly, skate embryos, which have an extended single appendage, 
lack a thoracic Hoxc9 expressing region. Consequentially, skate embryos have no separation 
between the domains of Hox6 and Hox10 expression. Testing the function of different Hox9 
vertebrate homologues through electroporation studies indicate that the Hoxc9 gene contains 
specific N-terminus motifs that repress LMC specification, and that this motif activity emerged 
evolutionarily at the time when vertebrates acquired paired appendages (Jung et al., 2014). Taken  








Figure 1.8 Motor system adapts to limb diversity 
Model of motor neuron organization by evolving Hox activity profiles. Species-specific patterns 
of Hox expression control motor neuron columnar organization to accommodate different 
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together, these studies suggest that the expression of a small number of essential regulatory genes 
can reorganize the structure of preexisting motor circuits to adapt to evolutionary modifications in 
limb morphology and motor behavior. 
 
Common mechanisms underlie limb and spinal patterning 
 
 The functional interdependence of the motor system and the limb elements it controls 
necessitates that these structures form in a tightly coordinated manner during embryonic 
development. The induction and patterning of the vertebrate limb occurs coincidentally with the 
specification of motor neurons, between e9.5 and e12.5. Moreover, the development of the motor 
system and the limb employ many of the same mechanisms, patterning and specifying 
substructures through the combined influence of extrinsic signaling molecules and intrinsic Hox 
programs (Figure 1.9A).  
 
 The first step of limb induction is the designation of forelimb and hindlimb fields within 
the lateral plate mesoderm that will give rise to the prospective limb bud. FGF signaling at these 
sites is critical for establishing the apical ectodermal ridge (AER), a specialized structure at the 
distal edge of the developing limb bud that maintains cell proliferation necessary for limb bud 
outgrowth (Zeller et al., 2009). Just as opposing gradients of retinoic acid and FGF pattern the 
rostrocaudal axis of the spinal cord, opposing RA and FGF gradients help to establish the 
proximodistal axis of the developing limb bud. Retinoic acid is produced proximally in the 
developing limb bud mesenchyme, whereas FGFs produced by the AER antagonize RA signaling 
and induce distal identity (Cooper et al., 2011; Mercader et al., 2000; Roselló-Díez et al., 2011). 
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Consequently, mutations in Fgf8 disrupts AER signaling and results in a failure of limb bud 
outgrowth (Lewandoski et al., 2000). BMPs are also expressed in the AER, although their 
expression appears to play a more specific role in digit patterning (Choi et al., 2012). Anterior-
posterior (AP) patterning is controlled by the zone of polarizing activity (ZPA), a group of cells 
located in the posterior mesenchyme of the limb bud that generate Shh. The gradient of Shh 
signaling across the AP axis, in conjunction with BMP signaling, is responsible in part for 
establishing digit identity. The AER and ZPA do not act in isolation, however, as their activities 
are interdependent and linked through relevant signaling networks (Laufer et al., 1994; Niswander 
et al., 1994; Zúñiga et al., 1999).  
 
 In addition to extrinsic signaling networks, the limb is patterned by the expression of Hox 
genes (Zakany and Duboule, 2007). Like in the trunk, Hox genes are activated in the limb in a 
temporally sequential manner. Anterior Hox genes are expressed in an early phase to pattern the 
proximal limb, and posterior genes are expressed in a later phase to pattern the distal limb (Figure 
1.9B). Unlike in the spinal cord, though, where the RA/FGF gradient establishes the pattern of 
Hox expression, Hox gene expression in the limb precedes signal pathway induction. Rather, Hox 
activity appears to be necessary for the induction of both the AER and ZPA (Niswander et al., 
1994; Zakany et al., 2007). Consequently, whereas loss of specific Hox genes results in homeotic 
transformations of motor neuron identity in the spinal cord, it does not cause a similar 
transformation of limb elements. Rather, compound mutations in Hoxa and Hoxd clusters result in 
the loss of skeletal elements in the limb.  








Figure 1.9 Mechanisms of limb patterning 
(A) The proximodistal axis of the developing limb is patterned by opposing gradients of FGF, 
produced distally by the AER, and retinoic acid, produced proximally. The AP axis is patterned 
by the ZPA, which generates a Shh gradient to specify digit formation. (B) Hox genes are 
activated in a temporally sequential manner to regulate proximal and distal limb patterning. 
Adapted from (Woltering and Duboule, 2010; Zeller et al., 2009) 
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Distinguishing aspects of digit development 
 
 Digit patterning is regulated by a late phase of distal gene expression within the Hoxa and 
Hoxd  clusters (Woltering and Duboule, 2010). In the Hoxa cluster, Hoxa11 patterns the zeugopod, 
whereas Hoxa13 patterns the autopod. The Hoxd cluster is characterized by two phases of 
expression: an early phase, in which Hoxd9-Hoxd12 are expressed in the proximal limb, and a late 
phase in which Hoxd10-Hoxd13 are expressed in the autopod. Hoxd13 is expressed robustly 
throughout the five digit primorida, whereas Hoxd10-Hoxd12 are expressed in all digits but the 
thumb. The individuation of the digits reflects both the graded transcription efficiencies of the 
Hoxd genes, as well as the graded expression of Shh and BMP ligands.  
 
 The specific expression patterns of Hoxa and Hoxd gene transcripts is conserved across 
tetrapod limbs and regulated by several conserved enhancer-like sequences (Montavon et al., 
2011). Consequently, investigations of Hox expression in teleost fish have sought to address the 
question of whether digits emerged de novo in tetrapods, or whether they have evolutionary origins 
in the distal rays of teleost fins (Schneider and Shubin, 2013). Like developing limb buds, 
developing fin buds contain posteriorly restricted Shh expression and an AER that secretes FGFs. 
However, the AER of teleost fins elongates to form an apical fold that produces the fin rays, a 
process that does not occur in tetrapods. The mechanisms by which tetrapods prevent apical fold 
formation have yet to be resolved. Nevertheless, studies in zebrafish, catshark, lungfish and 
paddlefish all find evidence of late phase Hoxa and Hoxd expression in distal fins, suggesting that 
fins represent an evolutionarily ancient  homologous structure to limbs (Ahn and Ho, 2008; Davis 
et al., 2007; Freitas et al., 2007; Johanson and Joss, 2007).  




 The evolutionary emergence of digits in tetrapods necessitated the recruitment of a late 
phase of Hox expression to pattern the autopod in the developing limb. How might distinctions in 
digit patterning be reflected in the specification of digit-innervating motor neurons? One line of 
evidence in support of divergent digit motor neuron specification is their settling position within 
the spinal cord. Digit-innervating motor neurons occupy the most caudal position within each of 
the brachial and lumbar LMC domains, with hand and foot motor neurons bordering the thoracic 
and sacral spinal cord, respectively. It is possible that their caudal positioning and proximity to 
neighboring spinal cord regions might expose them to different signaling gradients during their 
specification that distinguish them from the rest of the LMC. Additionally, digit-innervating motor 
neurons occupy the most dorsal position within the LMC, a settling position which underlies 
divergent patterns of local interneuron connectivity (Bikoff et al., 2016). In both cat and mouse, 
ventrally positioned Renshaw interneurons provide recurrent inhibition to motor pools innervating 
proximal muscles, but fail to do so for digit-innervating motor neurons (Bikoff et al., 2016; Illert 
and Wietelmann, 1989; McCurdy and Hamm, 1992). 
 
 Given that the emergence of limbs necessitated the recruitment of distinct genetic 
mechanisms to pattern limb-innervating motor neurons, it is possible that the evolutionary 
elaboration of digits necessitated the further allocation of more refined programs to pattern digit-
innervating motor neurons. Digit motor control requires a higher degree of behavioral flexibility 
than proximal joint control, as the hand or foot has more degrees of freedom in range of motion 
and the potential for individual joint control. It is thus likely that digit control requires the 
involvement of distinct interneuron and descending circuits compared to other LMC motor 
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neurons. Although considerable attention has been paid to the genetic mechanisms specifying 
motor neuron identity and muscle nerve trajectory for motor pools that innervate proximal 
segments of the limb, the mechanisms that specify digit-innervating motor neurons have yet to be 
addressed. The generation of motor pool diversity and the distinct mechanisms involved in 
patterning motor neurons that project to the intrinsic muscles of the hands and feet will be 
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 Locomotor programs in tetrapods are thought to be directed by the coordinate activity of 
spinal interneuron networks that direct the phasic output of motor pools. These interneuron 
networks, known as central pattern generators, are capable of generating rhythmic motor output in 
the absence of descending input or sensory input from the periphery (Grillner and Jessell, 2009). 
The generation of smooth, coordinated limb movements, however, requires proprioceptive sensory 
feedback. The ability of proprioceptive sensory afferents to regulate and coordinate motor output 
depends on the particular pattern of monosynaptic innervation. Proprioceptive sensory afferents 
that innervate a given muscle project selectively to particular motor pools depending on the 
biomechanical properties of the muscles they innervate.  
 
 Spinal sensory-motor circuits are formed with precise specificity; group Ia afferents from 
a given muscle form strong “homonymous” contacts with motor neurons that innervate the same 
muscle, form weaker “heteronymous” contacts with motor neurons that innervate synergist 
muscles, and stringently avoid motor neurons that innervate muscles with antagonistic or unrelated 
function (Eccles et al., 1957). In what follows, I will discuss the organization of monosynaptic 
proprioceptive input to three synergist motor pools in mouse and describe efforts to characterize 
the detailed pattern of sensory-motor connectivity linking these synergist muscles. 
 
  I use an anatomical assay at several postnatal ages to quantify the percentage of motor 
neurons within a pool receiving homonymous and heteronymous input. I also use this assay to 
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determine the density, distribution and size of homonymous and heteronymous contacts. Finally, 
I validate the accuracy of the anatomical results by measuring the physiological strength of 
proprioceptive sensory input to these motor pools through intracellular recording in vitro from 
retrogradely-labeled motor neurons. With both of these techniques, I demonstrate that motor pools 





Defining patterns of heteronymous sensory-motor connectivity 
 
To examine the sensory innervation of synergist motor neurons in mouse, I focused on 
motor pools within the anterolateral crural (AC) synergy group that innervate muscles with defined 
biomechanical functions (Nichols, 1994). The tibialis anterior (TA), extensor digitorum longus 
(EDL), and peroneus longus (PL) muscles act synergistically to dorsiflex the ankle, but have 
distinct secondary biomechanical functions, with the TA adducting and the PL abducting the ankle, 
and the EDL extending the toes (Figure 2.1A and B; Nichols, 1994).  
 
I explored the pattern of connectivity between these three motor pools using an activity-
independent assay that exploits the transganglionic transport of cholera toxin B subunit (CTB), but 
not rhodamine dextran (Rh-Dex), within sensory neurons, such that after muscle injection, CTB 
alone accumulates in proprioceptive sensory terminals on motor neurons, which can be marked in 
an independent and selective manner by the presynaptic expression of vGluT1 (Betley et al., 2009; 
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Sürmeli et al., 2011). This distinction permits a binary comparison of the density of CTB-labeled 
sensory terminals in contact with homonymous CTB-labeled or heteronymous Rh-Dex-labeled 
motor neurons (Figure 2.1C-E). I used this assay to assess the specificity of homonymous and 
heteronymous sensory-motor connections within the AC synergy group at postnatal days 7 and 21, 
monitoring both the fraction of motor neurons receiving input from sensory neurons conveying 
feedback from a defined muscle, as well as the density of synaptic contacts on each motor neuron.  
 
After CTB injection into TA, EDL or PL muscles in p21 wild-type mice, I found that all 
CTB-labeled motor neurons received vGluT1+ CTB-labeled sensory contacts (Figure 2.2A). This 
finding is consistent with physiological reports that nearly all motor neurons within a pool receive 
homonymous sensory input (Mendell and Henneman, 1968). For each of these three motor pools, 
CTB was detected in ~30% of all vGluT1+ sensory boutons (Figure 2.2B). By normalizing for the 
efficiency of CTB labeling across motor pools, I estimate that ~70% of monosynaptic sensory 
inputs to motor neurons derive from homonymous sensory afferents (see Experimental 
Procedures), a value consistent with connectivity in adult cat (Brown, 1981). Based on these 
values, I calculate that transganglionic tracing labels ~40-50% of all homonymous contacts on any 
given motor neuron. The incomplete efficiency of synaptic terminal labeling likely has its basis in 
the limited access of tracer to all muscle spindles under conditions that restrict the spread of tracer 
to a single muscle. Despite the lack of complete coverage, these findings suggest that 
transganglionic tracing labels a representative fraction of homonymous sensory-motor contacts.  
 
I examined the percentage of motor neurons receiving heteronymous sensory input for each 
of the six possible sensory-motor pairs within the AC synergy group. I found that 42% of TA 
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motor neurons received sensory input from EDL afferents, and that 52% of EDL motor neurons 
received input from TA afferents (Figure 2.2A). These values are consistent with physiological 
reports that ~40-70% of motor neurons within a pool receive heteronymous sensory input from a 
given muscle (Nelson and Mendell, 1978; Scott and Mendell, 1976). In contrast, only 4% of TA 
motor neurons and 12% of EDL motor neurons, respectively, received input from PL afferents. 
Moreover, only 3% and 7% of PL motor neurons, respectively, received sensory input from TA 
and EDL afferents. Thus, the TA and EDL motor pools, but not the PL pool, are linked by 
prominent heteronymous feedback in their sensory-motor reflex arcs (Figure 2.2E).  
 
I next assessed the density, distribution and size of heteronymous synaptic contacts on each 
motor neuron. Input from EDL sensory afferents represented 9% of all vGluT1+ boutons on TA 
motor neurons and similarly, 10% of all vGluT1+ boutons on EDL motor neurons were labeled by 
TA sensory afferents (Figure 2.2B). Moreover, the somatic and dendritic distribution of these 
heteronymous boutons exhibited a proximal bias, a distribution similar to that of their 
homonymous counterparts (Figure 2.3A and C). I determined that the ratio of heteronymous to 
homonymous input was 0.29 for EDL motor neurons receiving TA sensory afferent input, and 0.38 
for TA motor neurons receiving EDL sensory input (see Experimental Procedures). Only rare PL 
motor neurons received sensory input from TA or EDL afferents, and these typically received only 
a single synaptic contact, an indication that PL lacks functional sensory feedback from TA or EDL 
afferents. I compared the cross-sectional areas of sensory synapses in contact with either 
homonymous or heteronymous motor neurons, we found that the synaptic area was comparable, 
suggesting that individual heteronymous boutons are the same size as homonymous boutons.  
  









Figure 2.1 An anatomical assay for examining heteronymous sensory-motor connectivity 
(A) Schematic of anterolateral crural muscle anatomy. TA = tibialis anterior. EDL = extensor 
digitorum longus. PL = peroneus longus. Image generated using The Mouse Limb Anatomy 
Atlas (Delaurier et al., 2008). (B) Lines of action of muscles in cat. Axes represent torques (in 
newton-meters) evoked by individual muscle nerve stimulation. Posterior crural muscles shown 
in grey. MG = medial gastrocnemius. LG = lateral gastrocnemius. Adapted from (Nichols, 
1994). (C) Anatomical assay: after CTB and Rh-Dex tracer injection into different synergist 
muscles, CTB-labeled sensory terminals contact CTB-labeled homonymous or Rh-Dex-labeled 
heteronymous motor neurons. (D) CTB-labeled vGluT1+ TA sensory boutons on homonymous 
TA motor neuron. (E) CTB-labeled vGluT1+ TA sensory boutons on heteronymous EDL motor 
neuron. Scale bar represents 10 µm in (D) and (E). 
 








Figure 2.2 Patterns of heteronymous sensory-motor connections in the anterolateral crural 
synergy group 
(A) Number of self and synergist motor neurons innervated by sensory afferents from a given 
muscle in p21 wild-type mice (n = 14-30 MNs; 3-7 mice per pair). (B) Density of sensory 
synaptic connections with self and synergist motor neurons in p21 wild-type mice. Each point 
represents one motor neuron (n as in (A)). Red lines indicate mean ± SEM for motor neurons 
receiving input. (C) Number of self and synergist motor neurons innervated by TA sensory 
afferents in p7 wild-type mice (n = 11-20 MNs; 2-3 mice per pair). (D) Density of TA sensory 
synaptic connections with self and synergist motor neurons in p7 wild-type mice (n as in (C)). 
(E) Schematic depicting organization of sensory-motor connectivity within the anterolateral 















Figure 2.3 Distribution of homonymous and heteronymous sensory-motor contacts 
(A and B) Distribution of EDL sensory boutons on soma and proximal ~100 µm dendrite of 
EDL motor neurons in p21 wild-type mice (n = 5 mice). (C and D) Distribution of TA sensory 
boutons on soma and proximal ~100 µm dendrite of EDL motor neurons in p21 wild-type mice 
(n = 3 mice). (E) Average number of motor neurons counted per pool following CTB injection 
in p21 mice. TA: n = 4 mice. EDL: n = 4 mice. PL: n = 5 mice. Estimates are consistent with 
previous reports (Bácskai et al., 2014; McHanwell and Biscoe, 1981). (F) Cross-sectional areas 
of TA sensory boutons on TA and EDL motor neurons in p21 wild-type mice (TA-TA: n = 27 
boutons; 4 mice. TA-EDL: n = 26 boutons; 4 mice). 
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Sensory-motor synapses first form at late embryonic stages. I thus asked whether the 
pattern of heteronymous connections apparent at p21 is evident at earlier postnatal stages, closer 
to the time of initial synapse formation. To address this issue, I assayed representative 
heteronymous connections formed by TA sensory afferents at p7. I was not able to perform these 
experiments at earlier stages due to the inefficiency of neonatal CTB labeling, a likely consequence 
of lower levels of expression of the surface ganglioside GM1, the CTB receptor (Yu, 1994). I 
found that the percentage of motor neurons receiving TA input at p7 was similar to that at p21: TA 
sensory afferents contacted all TA motor neurons, as well as 32% of EDL motor neurons, and no 
PL motor neurons (Figure 2.2C). Moreover, when I examined the density of contacts formed by 
TA sensory afferents, I found that CTB accumulated in 7% of vGluT1+ TA sensory boutons in 
contact with EDL motor neurons, a bouton density comparable, if slightly lower, to that observed 
at p21 (Figure 2.2D). The lower density of synaptic labeling at p7 is most likely attributable to the 
decreased efficiency of CTB transport at early postnatal ages. My findings indicate that both the 
target specificity and the relative density of heteronymous sensory-motor connections are 
established by the first postnatal week.  
 
Functional validation of heteronymous connection specificity and density 
 
I next asked whether the anatomically defined pattern of heteronymous connectivity 
provides an accurate reflection of the functional density of proprioceptive sensory input. To 
evaluate this issue, the physiological strength of proprioceptive sensory input was assessed in wild-
type mice in vitro at p2-p6, by intracellular recording from retrogradely-labeled TA or PL motor 
neurons in combination with selective stimulation of individual muscles (Figure 2.4A). We used 
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early postnatal preparations because at this stage, CTB-488-labled motor neurons are more easily 
visualized for targeted physiology (Figure 2.4B). In these studies, unlabeled EDL motor neurons 
were identified by the absence of CTB-488 accumulation following TA or PL retrograde labeling, 
and by the presence of large amplitude EPSPs upon EDL sensory nerve stimulation. Sensory-
motor EPSPs were identified as monosynaptic on the basis of their low (<0.02) coefficient of 
variation in time of EPSP onset at 1 Hz stimulation frequency (Doyle and Andersen, 2001; 
Shneider et al, 2009). The amplitude of the monosynaptic EPSP was measured 3 ms from the onset 
of the response (Mears and Frank, 1997; Shneider et al., 2009a). The latency of the monosynaptic 
EPSP following stimulation of the muscle was measured from the onset of the stimulus artifact to 
the onset of the response.  
 
We found that TA motor neurons exhibited mean EPSP amplitudes of 5.5 mV after TA 
muscle stimulation, of 2.1 mV after EDL muscle stimulation, and negligible activation (<0.1 mV) 
after PL muscle stimulation (Figure 2.4C-F). Similarly, EDL motor neurons generated EPSPs with 
mean amplitudes of 8.2 mV upon EDL sensory stimulation, of 3.5 mV upon TA stimulation and 
of <0.1 mV upon PL stimulation (Figure 2.4K-N). The average heteronymous to homonymous 
input ratio for TA motor neurons receiving EDL input was 0.43 (Figure 2.4F), and for EDL motor 
neurons receiving TA input was 0.39 (Figure 2.4N). PL motor neurons exhibited EPSPs of 14.8 
mV upon PL stimulation, of 3.3 mV upon EDL stimulation, and of <0.1 mV for TA stimulation 
(Figure 2.4G-J). The average ratio of heteronymous to homonymous input for PL motor neurons 
receiving EDL input was 0.20 (Figure 2.4J). 
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Thus, the only discrepancy between anatomical and physiological assay methods is the 
presence of a minor EDL sensory input to PL motor neurons, detected physiologically but not 
anatomically. This may reflect the underrepresentation of EDL sensory bouton labeling density, a 
consequence of the difficulty of achieving focal tracer injections into the small, thin EDL muscle. 
Overall, these physiological studies indicate that anatomical tracing of synaptic bouton density is 
a reliable measure of both the specificity and relative density of heteronymous sensory inputs 
across different motor pools. 
 
















Figure 2.4 Functional validation of heteronymous connections 
(A) Schematic of lumbar spinal-hindlimb preparation. Stimulating electrodes were placed in TA, 
EDL, and PL muscles to activate proprioceptive fibers. Ventral roots were cut and placed into 
suction electrodes for either stimulation or recording. Motor neurons (green) were visually 
identified following muscle-specific labeling by CTB-488 and recorded intracellularly using 
whole-cell patch clamp. (B) Image of PL motor neurons retrogradely labeled at p0 with CTB-
488 and showing three cells filled with intracellular dye after whole-cell recording. Scale bar 
represents 50 µm. (C) Intracellularly recorded EPSPs in a single TA motor neuron upon 
stimulation of TA, EDL or PL muscle. Traces averaged across 3 trials at 0.1 Hz. Black arrow 
indicates stimulus artifact. First dashed line indicates onset of EPSP response. Second dashed 
line indicates the maximum amplitude of the monosynaptic response, as determined at 3 ms after 
EPSP onset (Mears and Frank, 1997; Shneider et al., 2009a). (D) Average EPSP amplitudes 
induced in TA motor neurons upon TA or EDL muscle stimulation (n = 4 MNs). Inset represents 
corresponding relationship within each recorded motor neuron. (E) Average latency of EPSP 
onset upon TA or EDL stimulation, as defined in relation to stimulus artifact. (F) Average ratio 
of the EPSP amplitude induced in each TA motor neuron by EDL stimulation to the EPSP 
amplitude induced by TA stimulation. (G)  Intracellularly recorded EPSPs in a single 
retrogradely labeled PL motor neuron upon stimulation of PL, TA or EDL muscle. Single trials 
shown. (H-J) Average EPSP amplitudes (H), latencies (I) and ratio of EPSP amplitudes (J) 
induced in PL motor neurons upon PL or EDL muscle stimulation (n = 3 MNs). (K) 
Intracellularly recorded EPSPs in a single putative EDL motor neuron upon stimulation of EDL, 
TA or PL muscle. Traces averaged across 3 trials at 0.1 Hz. (L-N) Average EPSP amplitudes 
(L), latencies (M) and ratio of EPSP amplitudes (N) induced in putative EDL motor neurons 
upon EDL or TA muscle stimulation (n = 3 MNs). Motor neurons were classified as EDL based 











 Using both anatomical and physiological techniques, I have demonstrated that motor pools 
with synergist biomechanical function are linked by precisely weighted heteronymous sensory 
feedback.  
 
 By exploring the pattern of sensory feedback within one synergist biomechanical group, I 
found that a given motor pool does not necessarily receive heteronymous sensory input from every 
synergist muscle. In the anterolateral columelar group, TA and EDL are linked by heteronymous 
sensory feedback, but PL is relatively excluded, barring a minor EDL sensory input to PL motor 
neurons that was detected physiologically. This pattern in mouse differs somewhat from the one 
found in cat, where EDL and PL are also linked by heteronymous feedback (Eccles et al., 1957). 
Similar differences in the pattern of heteronymous feedback have been previously noted between 
cat and baboon, suggesting that heteronymous feedback may vary between species as an adaptation 
to distinct biomechanical contexts (Hongo et al., 1984). It appears to be a general principle of 
heteronymous feedback that sensory afferents contact only a subset of possible synergist motor 
pools in a species-specific manner, as similar patterns of sensory exclusion can be noted within 
other biomechanical synergy groups as well (Eccles et al., 1957; Hongo et al., 1984). 
 
 I also found that heteronymous sensory-motor feedback is weaker than homonymous 
feedback in several respects. Whereas all motor neurons within a pool receive homonymous 
feedback, only 40-50% of motor neurons receive heteronymous feedback. Moreover, for the motor 
neurons that do receive heteronymous feedback, they are contacted by more homonymous sensory 
boutons than heteronymous boutons, at an approximately 3:1 ratio. Our physiologic studies 
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confirmed a comparable ratio of homonymous to heteronymous EPSP strength, although we were 
unable to confirm the percentage of heteronymous motor neurons receiving feedback using 
physiologic recording, as we only recorded from 3-4 motor neurons. Taken together, both our 
anatomical and physiological findings are consistent with previous physiologic studies on the 
incidence and strength of heteronymous connectivity within a given motor pool (Nelson and 
Mendell, 1978; Scott and Mendell, 1976). 
 
 The dendritic distribution of synaptic contacts also contributes to the overall strength of 
synaptic input. In my analysis, I was unable to detect a significant difference in the proximodistal 
dendritic distribution of homonymous and heteronymous synaptic contacts. However, I examined 
motor neurons labeled through retrograde labeling, which only permitted an examination of 
contacts within the first 100 µm of dendritic arbor. Moreover, CTB muscle injections only label 
~40-50% of all sensory afferents, necessitating the pooling of distribution data from multiple 
experiments to draw statistical inferences about bouton positioning. Nevertheless, my finding that 
sensory contacts have a proximal bias is consistent with another study, in which motor neurons 
were filled intracellularly, permitting an examination of the distribution of vGluT1+ contacts up to 
1000 µm away from the soma (Rotterman et al., 2014). This study did not distinguish between 
homonymous and heteronymous contacts, but found that ~70% of all sensory-motor contacts are 
located within the first 500 µm of dendritic arbor, with the greatest density of contacts within the 
first 200 µm. A more rigorous examination of the distribution of homonymous and heteronymous 
sensory-motor contacts would require robust motor neuron fills combined with an efficient 
muscle-specific sensory labeling strategy, perhaps using viral tracing.  
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 Taken together, these results suggest that the formation of heteronymous sensory-motor 
circuits involves several steps. First, sensory afferents from a given muscle must choose the 
appropriate motor pool partners within a columelar group. Second, sensory afferents must form 
the appropriate weighting of heteronymous synaptic contacts, contacting the correct proportion of 
motor neurons within a pool and forming the correct number of contacts on each motor neuron. In 
order to assess the developmental mechanisms by which sensory afferents form appropriately 
weighted heteronymous connectivity, I first need to determine whether these connections form in 
activity-independent manner. The role of activity-dependent refinement in the formation of 
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 The precision and evolutionary fidelity evident in this weighted sensory-motor 
connectivity matrix implies selectivity in synapse formation, yet the cellular principles that confer 
synergist specificity remain sketchy at best. Most studies that have explored the developmental 
basis of sensory-motor specificity have focused on the mechanisms by which sensory afferents 
discriminate between self and antagonist motor pools. It thus remains unclear how sensory 
afferents discriminate between motor neurons that innervate muscles with synergist biomechanical 
function.  
 
 One possibility is that sensory afferents target microdomains corresponding to the location 
of individual motor pools. Another possibility is that heteronymous sensory-motor connections are 
established entirely through genetically programmed surface molecule recognition. These 
strategies, however, have been previously implicated in the binary permission or exclusion of 
sensory contacts, whereas the formation of appropriately weighted heteronymous connections is 
likely to involve both the selection of appropriate synaptic partner, as well as the scaling of 
synaptic input strength. It remains possible, therefore, that sensory activity has an as yet 
unappreciated role in shaping heteronymous sensory-motor connections.  
 
 Here, I outline my efforts to characterize the contribution of activity-dependent refinement 
to the formation of sensory-motor connections. I set out to re-examine the issue of whether neural 
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activity influences the specificity of sensory-motor connections, through a focus on proprioceptor 
connectivity with heteronymous motor neurons. To avoid uncertainties about the persistence of 
central transmitter release under conditions of peripheral sensory inactivity, I blocked the 
spontaneous and evoked release of excitatory transmitter from the central terminals of developing 
proprioceptive sensory afferents through parvalbumin gene locus (Pv)- mediated expression of 
tetanus toxin light chain subunit (TeNT). I show that in the absence of central sensory transmission, 
proprioceptive afferents form incorrectly tuned heteronymous sensory-motor connections, 
whereas the specificity and incidence of homonymous and antagonist connectivity is unchanged. 
I also establish a spike timing model of synaptic plasticity that provides plausible explanation for 




Motor pool position is unlikely to determine patterns of heteronymous connectivity 
 
I first considered whether the settling position of motor neurons might contribute to the 
pattern of heteronymous connectivity. This possibility was raised by studies on the formation of 
homonymous sensory-motor connections, where motor neuron positional order has a role in 
shaping homonymous connectivity – a reflection of the fact that motor pools are clustered together 
within the ventral spinal cord at dorsoventral positions that match the independently assigned 
termination zones of their homonymous sensory afferents (Sürmeli et al., 2011). These findings 
prompted me to examine whether the specificity of heteronymous connections could simply be a 
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function of a finer-grained positional segregation of motor pools, within micro-domains that 
represent local target zones for different sets of sensory afferents.  
 
To resolve this issue, I mapped the settling positions of the TA, EDL and PL motor pools 
at rostrocaudal levels L3-L4 at p7 and p21, assigning positional coordinates to individual motor 
neurons within each pool with respect to the position of the central canal (Figure 3.1A). I observed 
considerable overlap in individual motor neuron cell body positions at p21, with ~90% of motor 
neurons in each pool located within 150 µm of the centroid of neighboring synergist pools (Figure 
3.1C). Moreover, the dendrites of neurons within each pool overlapped with the dendrites of motor 
neurons from neighboring pools (Figure 3.1A). Nevertheless, I found that the three pool centroids 
were distinct, and most tellingly, were roughly equidistant from one another (Figure 3.1B). The 
same positional relationships were detected in p7 mice (Figures 3.1D-3.1F), an expected finding 
since motor pool settling is apparent by embryonic day 14 (Demireva et al., 2011; De Marco Garcia 
and Jessell, 2008). The anatomical equidistance of these three motor pools contrasts with the 
marked asymmetry in heteronymous sensory synaptic density. Taken together with the degree of 
proximity and dendritic overlap between the three pools, I conclude that the settling of motor 
neurons within smaller micro-domains is an unlikely determinant of observed sensory patterns of 
heteronymous connectivity. 
 
Tetanus toxin expression in proprioceptors blocks sensory-motor transmission 
 
I next turned to the potential contribution of sensory transmitter release and consequent 
activity in the establishment of heteronymous connections. To address this issue, I set out to block  
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central sensory-motor neurotransmission through expression of tetanus toxin light chain subunit 
(TeNT), a toxin that blocks neurotransmitter release through cleavage of the synaptic vesicle 
fusion proteins VAMP 1 and VAMP 2 (Humeau et al., 2000). A Pv::cre driver line, which directs 
transgene expression in embryonic proprioceptive sensory neurons at the time during which 
sensory-motor connections first form (Hippenmeyer et al., 2005), was crossed to a ROSA26floxstop-
TeNT mouse strain (Zhang et al., 2008) to generate PvTeNT mice. These transgenic mice exhibited 
severe defects in motor coordination, yet survived until p18, permitting me to assess the general 
impact of tetanus toxin expression in sensory afferents through examination of the number and 
morphology of sensory-motor synapses.  
 
Proprioceptor afferent trajectory, muscle spindle morphology and the number of Pv+ 
sensory neurons were unaltered by sensory expression of tetanus toxin (Figure 3.2). Moreover, 
cytochemically-defined sensory-motor synapses form in PvTeNT mice and were detected in numbers 
similar to that in wild-type (Pv::cre+/-) littermates (Figures 3.3A-3.3C). A small fraction (~15%) 
of vGluT1+ sensory bouton contacts with motor neurons exhibited a larger cross-sectional area in 
PvTeNT mice, in some cases up to 2.5-fold greater than the mean value in wild-type mice, implying 
an activity-dependent constraint on synaptic volume (Figures 3.3D and 3.3E). This increase in 
bouton size was accompanied by a decrease in average vGluT1+ fluorescence intensity, consistent 
with the vGluT1 protein being distributed across a larger surface area (Figure 3.3F). Nevertheless, 
these findings indicate that expression of tetanus toxin does not alter the density or morphology of 
most proprioceptive sensory terminals that contact motor neurons. 




                       
Figure 3.1 Spatial organization within the anterolateral crural synergy group 
(A and D) Organization of motor pool positions from L3-L4 in p21 (A) and p1-p7 (D) wild-type 
mice after CTB and Rh-Dex injection into specific muscles. Standard spinal cord dimensions 
shown in µm. Scale bars represent 30 µm. (B and E) Contour density plots showing the 
distribution of individual cell body positions at p21 (B) and p1-p7 (E). Position coordinates were 
determined as distance in micrometers with respect to the central canal and normalized to 
standard spinal cord dimensions. At both ages, X coordinates are significant between TA and 
PL, and EDL and PL at p < 0.001 (Student’s t-test). At both ages, Y coordinates are significant 
between TA and EDL, and TA and PL at p < 0.001 (Student’s t-test) (p21: TA: n = 99 MNs; 5 
mice. EDL: n = 33 MNs; 4 mice. PL: n = 65 MNs; 4 mice. p1-p7: TA: n = 78 MNs; 5 mice. 
EDL: n = 32 MNs; 3 mice. PL: n = 30 MNs; 2 mice). (C and F) Individual cell body positions 
with respect to pool centroid position at p21 (C) and p1-p7 (F). Each point represents one motor 
neuron with distance r and angle Ø with respect to the calculated centroid position of each pool.   















Figure 3.2 Preservation of proprioceptor morphology following tetanus toxin expression in 
proprioceptors 
(A) Axon trajectories of proprioceptor afferents in p8 wild-type and PvTeNT mice. (B) vGluT1+ 
muscle spindle-associated sensory endings in tibialis anterior muscle at p18 in WT and PvTeNT 
mice. (C) Number of Pv+ sensory neurons in L4 DRG at p18 in WT and PvTeNT mice (n = 4 
mice). Scale bars represent 100 µm in (A) and 50 µm in (B). 
 
  





Figure 3.3 Preservation of synaptic morphology following tetanus toxin expression in 
proprioceptors 
(A) Pv+/vGluT1+ boutons in contact with ChAT+ motor neurons in p18 PvTeNT mice. (B) Number 
of vGluT1+ boutons on the soma and proximal ~100 µm dendrites in p21 wild-type and p18 
PvTeNT mice (TA: WT n = 48 MNs, PvTeNT n = 40. EDL: WT n = 43, PvTeNT n = 25. PL: WT n = 
52, PvTeNT n = 24). (C) Density of vGluT1+ boutons on motor neuron surface in p18 wild-type 
and PvTeNT mice (both WT and PvTeNT: n = 9 MNs; 3 mice). (D) vGluT1+ boutons on ChAT+ 
motor neurons in p18 WT and PvTeNT mice. (E) Cross-sectional areas of vGluT1+ boutons in p18 
WT and PvTeNT mice. Outliers removed based on Grubbs outlier test (p < 0.05). Red lines 
indicate mean ± SEM. The difference in cross-sectional area is significant at p < 0.001 (Mann-
Whitney Rank Sum Test. WT: n = 112 boutons; 3 mice. PvTeNT:  n = 121 boutons; 3 mice). (F) 
Mean pixel intensities of vGluT1+ boutons in p18 WT and PvTeNT mice (arbitrary fluorescence 
intensity units, using Adobe Photoshop histogram function). Outliers removed based on Grubbs 
outlier test (p < 0.05). Red lines indicate mean ± SEM.  The difference in mean fluorescent 
intensity is significant at p < 0.001 (Student’s t-test. WT: n = 50 boutons; 3 mice. PvTeNT: n = 57 
boutons; 3 mice). (G) Cross-sectional areas of TA sensory boutons on TA and EDL motor 
neurons in p18 PvTeNT mice (both TA-TA and TA-EDL: n = 31 boutons; 4 mice). Scale bars 
represent 5 µm in (A) and (D). 
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I next assessed the impact of proprioceptor tetanus toxin expression on presynaptic vesicle 
release proteins in proprioceptor terminals. In control studies, I found that 84% of vGluT1+ bouton 
contacts with motor neurons expressed VAMP 1, and of these, 44% co-expressed VAMP 2 (Figure 
3.4A). The remaining vGluT1+ boutons may express lower levels of VAMP 1 or VAMP 2, or 
conceivably one of the other VAMP-related proteins (Hong, 2005). Nevertheless, PvTeNT mice 
exhibited a 96% loss of VAMP 1 and VAMP 2 colocalization with vGluT1+ boutons in contact 
with motor neurons (Figures 3.4B and 3.4C). Thus, expression of TeNT in proprioceptive sensory 
neurons effectively eliminates the two VAMP proteins most closely associated with presynaptic 
vesicle fusion and release.  
 
Most crucially, we determined the extent to which sensory transmission is impaired by 
TeNT expression, performing both extracellular ventral root recordings and intracellular 
recordings from individual motor neurons. In p8 wild-type mice, dorsal root stimulation evoked 
large (2.5 mV) ventral root potentials, with the monosynaptic component defined as the potential 
recorded within 3 ms of response onset. Ventral root recordings from littermate PvTeNT mice 
revealed a 92% reduction in the amplitude of the monosynaptic component of the sensory-motor 
reflex in response to dorsal root stimulation (Figures 3.5A-3.5C). Furthermore, intracellular 
recordings from L4 motor neurons in p4 PvTeNT mice revealed a 96% reduction in the amplitude of 
monosynaptic EPSPs evoked by dorsal root stimulation, when compared to wild-type littermates 
(Figures 3.5D-F). During intracellular recording, we noted that a small fraction of motor neurons 
in the PvTeNT mice were activated monosynaptically to subthreshold levels, potentially  accounting 
for the residual amplitude observed upon extracellular recording (Figures 3.5G-3.5I). The long-
latency components observed in both extracellular and intracellular motor neuron recordings are  












Figure 3.4 Expression of tetanus toxin in proprioceptors abolishes VAMP expression 
(A) Colocalization of VAMP 1 and VAMP 2 with vGluT1+ boutons in p21 WT mice (n = 100 
boutons; 3 mice). (B) vGluT1+ boutons in contact with ChAT+ motor neurons no longer express 
VAMP 1 and VAMP 2 in p18 PvTeNT mice. Scale bar represents 2 µm. (C) Percentage of vGluT1+ 
boutons coexpressing VAMP 1 and VAMP 2 in p18 WT and PvTeNT mice. VAMP 1 
colocalization with vGluT1 is reduced by 96% in PvTeNT mice (p < 0.001; Student’s t-test. WT: 
n = 219 boutons; 3 mice. PvTeNT: n = 216 boutons; 3 mice). VAMP 2 colocalization with vGluT1 
is reduced by 96% in PvTeNT mice (p < 0.001; Student’s t-test. WT: n = 133 boutons; 3 mice. 
PvTeNT: n = 175 boutons; 3 mice). 
 
  




Figure 3.5 Tetanus toxin expression in proprioceptors blocks sensory-motor transmission 
(A and B) Extracellular recordings from ventral root L5 following dorsal root L5 stimulation in 
p8 wild-type and PvTeNT mice. Trace averaged across 5 trials at 0.1 Hz. Black arrow indicates 
stimulus artifact. Traces are shown in a time expanded scale in (B). (C) Reflex amplitude is 
reduced by 92% in p8 PvTeNT mice. Differences are significant at p < 0.001 (Student’s t-test, n = 
3 mice). (D and E) Intracellular recordings from L4 motor neurons following dorsal root L4 
stimulation in p4 wild-type and PvTeNT mice. Single trials shown. Traces are shown in a time 
expanded scale in (E). First dashed line indicates onset of EPSP response. Second dashed line 
indicates the maximum amplitude of the monosynaptic response, as determined at 3 ms after 
EPSP onset. (F) Monosynaptic EPSP amplitude is reduced by 96% in p4 PvTeNT mice. 
Differences are significant at p < 0.001 (Student’s t-test; n = 4 MNs). (G-H) Intracellular 
recordings from a L4 motor neuron following dorsal root L4 stimulation in p4 wild-type (G) and 
PvTeNT (H) mice. Four superimposed traces are shown. Traces are shown in a time expanded 
scale in bottom panels, with the average response shown in blue in (G) and red in (H). (I) 
Superimposed average traces from (G) and (H). 
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mediated by NMDA receptor activation (Mentis et al., 2005; Pinco and Lev-Tov, 1993; Ziskind-
Conhaim, 1990). Thus, sensory-motor communication in PvTeNT mice is no longer functional. 
 
Increased incidence of heteronymous sensory-motor connections in PvTeNT mice 
 
The detection of sensory-motor contacts in the absence of sensory transmitter release next 
permitted me to examine the role of sensory-driven activity in the targeting of sensory neurons to 
different motor pools.  
 
I used transganglionic CTB transport to monitor whether the loss of sensory transmitter 
release changes the incidence of homonymous sensory-motor connections on TA and EDL motor 
neurons. In PvTeNT mice, I determined that all CTB-labeled TA motor neurons received CTB-
labeled vGluT1+ sensory inputs, both at p7 and p18 (Figures 3.6A and 3.6B). Moreover, CTB 
accumulation in PvTeNT mice was detected in ~30% of vGluT1+ sensory boutons on TA motor 
neurons, a density similar to that found in wild-type mice (Figures 3.7A and 3.7C). The incidence 
of EDL sensory contacts with homonymous EDL motor neurons was also unchanged in PvTeNT 
mutants (Figures 3.6C and 3.7F).  
 
Previous studies have suggested that glutamatergic inputs to motor neurons may contribute 
to the establishment of mature dendritic architecture (Kalb, 1994). I therefore evaluated the 
subcellular distribution of homonymous sensory bouton contacts on the cell bodies and proximal 
dendrites of EDL motor neurons. I found no change from the wild-type profile (Figures 3.8A and 
3.8B). As in wild-type mice, TA sensory afferents in PvTeNT mice avoided forming contacts with 
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antagonist GS or with synergist group PL motor neurons, both at p7 and p18 (Figures 3.6A, 3.6B 
and 3.7E). Taken together, these findings show that the absence of sensory-driven activity does 
not erode the ability of proprioceptive afferents to form homonymous synaptic connections in a 
selective manner, nor to avoid antagonist motor pools.  
 
I next turned to the issue of whether sensory transmission is required for establishing the 
specificity or incidence of heteronymous sensory connections with synergist motor neurons. As in 
wild-type mice, I found in PvTeNT mutants that TA sensory afferents contacted EDL motor neurons, 
and conversely that EDL sensory afferents contacted TA motor neurons (Figure 3.6). But at both 
p7 and p21, the incidence of heteronymous connections in PvTeNT mutants differed from wild-type. 
At both ages, the proportion of EDL motor neurons receiving TA sensory input was ~2-fold greater 
than in wild-type (Figures 3.6A and 3.6B). In addition, the fraction of TA motor neurons receiving 
EDL sensory input was ~1.6-fold greater at p18 (Figure 3.6C). Thus, silenced sensory afferents 
contact the appropriate synergist motor pools, but connect with a greater proportion of motor 
neurons within each pool. 
 
I next assessed the density and distribution of heteronymous contacts on individual motor 
neurons in the absence of sensory-motor transmission, focusing on the density of TA-derived 
vGluT1+ sensory bouton contacts with EDL motor neurons. At p7, individual EDL motor neurons 
in PvTeNT mice exhibited a ~2-fold increase in TA sensory input, compared to wild-type values 
(Figure 3.7B). By p18 this increase had partly diminished, such that EDL neurons now received a 
~1.4-fold increase in TA sensory input compared to wild-type values (Figure 3.7D). Heteronymous 
sensory boutons had similar cross-sectional areas to homonymous boutons in PvTeNT mice, as in  












Figure 3.6 More motor neurons receive heteronymous input following transmission 
blockade 
(A) Percentage of motor neurons contacted by TA sensory afferents in p21 WT and p18 PvTeNT 
mice (WT: n = 3-7 mice. PvTeNT: n = 3-5 mice). Difference in percentage of EDL motor neurons 
receiving TA input is significant at p = 0.003 (Student’s t-test). (B) Percentage of motor neurons 
contacted by TA sensory afferents in p7 WT and PvTeNT mice (WT: n = 2-3 mice. PvTeNT: n = 3-
4 mice). Difference in EDL motor neurons receiving TA input is significant at p = 0.008 
(Student’s t-test). (C) Percentage of EDL and TA motor neurons contacted by EDL sensory 
afferents in p21 WT and p18 PvTeNT mice. Difference in percentage of TA motor neurons 










Figure 3.7 Increased density of heteronymous connections following transmission blockade 
(A) Density of TA sensory input to TA motor neurons in p7 wild-type and PvTeNT mice. Each 
point represents one motor neuron (WT: n = 11 MNs. PvTeNT: n = 14 MNs). Red lines indicate 
mean ± SEM for motor neurons receiving TA input. (B) Density of TA sensory input to EDL 
motor neurons in p7 wild-type and PvTeNT mice (WT: n = 19 MNs. PvTeNT: n = 20 MNs). For 
EDL motor neurons contacted by TA sensory afferents, the density of contacts increases ~2-fold 
(p = 0.05; Student’s t-test). (C) Density of TA sensory input to TA motor neurons in p21 wild-
type and p18 PvTeNT mice. Each point represents one motor neuron (WT: n = 30 MNs. PvTeNT: n 
= 20 MNs). (D) Density of TA sensory input to EDL motor neurons in p21 wild-type and p18 
PvTeNT mice (WT: n = 29 MNs. PvTeNT: n = 20 MNs). (E) Density of TA sensory input to PL 
motor neurons in p21 wild-type and p18 PvTeNT mice (WT: n = 31 MNs. PvTeNT: n = 24 MNs). 
(F) Density of EDL sensory input to EDL motor neurons in p21 wild-type and p18 PvTeNT mice 
(WT: n = 14 MNs. PvTeNT: n = 5 MNs). (G) Density of EDL sensory input to TA motor neurons 
in p21 wild-type and p18 PvTeNT mice (WT: n = 18 MNs. PvTeNT: n = 20 MNs). (H) In the absence 
of neurotransmission, sensory afferents contact a greater proportion of heteronymous motor 
neurons and initially contact each heteronymous neuron with increased density. 
 
  










Figure 3.8 Distribution of sensory-motor contacts is preserved following transmission 
blockade 
(A and B) Distribution of EDL sensory boutons on soma and proximal ~100 µm dendrite of 
EDL motor neurons in p21 wild-type and p18 PvTeNT mice (PvTeNT: n = 2 mice). (C and D) 
Distribution of TA sensory boutons on soma and proximal ~100 µm dendrite of EDL motor 
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wild-type mice (Figures 2.5F and 3.3G). Moreover, there was no detectable change in the 
subcellular distribution of heteronymous sensory boutons in PvTeNT mice, when compared with 
wild-type controls (Figure 3.8). Thus in the absence of sensory transmission, motor neurons 
receive supernumerary heteronymous sensory inputs. The relative density of synaptic inputs 
decays gradually, however, over the first three postnatal weeks.  
 
Sensory-motor spike timing may explain synaptic refinement 
 
It remains unclear how heteronymous connectivity is enhanced in a selective manner. 
Spike-timing modes of synapse refinement offer a quantitative explanation of the way in which 
connections can be eliminated under conditions in which all sensory afferents exhibit equivalent 
levels of activity. Spike-timing rules have been invoked in developmental refinement in a few 
cases only, typically in cortical circuits that feature fast temporal spike correlations (<20 ms) (Butts 
and Kanold, 2010).  
 
Nevertheless, spike-timing may be relevant to the spinal sensory-motor system, where 
motor neurons belonging to different synergist pools exhibit distinctions in their peak firing phase 
(Bekoff et al., 1975; Krouchev et al., 2006; Yakovenko et al., 2002). As a consequence, the relative 
timing of sensory input to homonymous and heteronymous motor pool targets would be expected 
to differ with respect to the timing of motor neuron burst activity. I therefore considered whether 
these experimental observations can be accounted for by a differential spike-timing model that 
captures the distinct temporal features of convergent homonymous and heteronymous sensory 
inputs onto an individual postsynaptic motor neuron (Figure 3.9A; Abbott and Nelson, 2000; 
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Feldman, 2012). In the adult, extrafusal (α) motor neuron spike trains are known to be 
accompanied by a co-activation of the fusiform (γ) motor system, which innervates intrafusal 
muscle fibers and serves to sensitize sensory responses to the contraction of muscle  (Hulliger et 
al., 1989; Hunt, 1951). During α-γ co-activation, α-motor neuron spiking drives muscle activity, 
and in turn, sensory firing rate (Prochazka and Gorassini, 1998). α-γ coactivation also appears to 
occur at early postnatal stages through the activity of beta motor axons, which innervate both extra- 
and intrafusal muscle fibers (Banks, 1994). Thus for a given muscle, sensory firing rate is informed 
by that of the motor neuron.   
 
We constructed a model motor neuron driven by a 2 Hz oscillating sinusoidal current 
designed to simulate the impact of non-sensory excitatory synaptic inputs. In this model, the motor 
neuron fires a burst of ~6 action potentials every 500 ms (Figure 3.9C), a similar pattern to that 
observed in vivo (Hoffer et al., 1987; Rossignol, 1996). We modeled two sensory populations, one 
homonymous and the other heteronymous. Since sensory afferents innervate distinct muscle fibers, 
spikes for each homonymous sensory afferent were generated by a Poisson process with a rate 
oscillating at the motor oscillation frequency but phase shifted relative to the motor oscillation by 
an amount chosen on each cycle from a zero-mean Gaussian distribution with a standard deviation 
of 10 degrees (Figure 3.9D). Because synergist muscles have distinct temporal activity patterns 
(Krouchev et al., 2006), heteronymous sensory afferent spikes were generated in a similar manner, 
except that their phase shifts were drawn from a Gaussian distribution with a larger standard 
deviation, of 15 degrees (Figure 3.9D).  
 
ACTIVITY REGULATES THE INCIDENCE OF HETERONYMOUS CONNECTIONS 71 
 
 
The strengths of these sensory-motor synapses were modified by a standard spike-timing 
dependent plasticity (STDP) model in which each pair of pre- and postsynaptic action potentials 
changed the synaptic strength by an amount determined by their time difference (Figure 3.9B; 
Feldman, 2000; Song et al., 2000). We imposed the condition that sensory-motor synapses are 
subject to pruning when presynaptic sensory spikes exhibit poor temporal correlation with the 
motor neuron postsynaptic spike, such that any synapse with a strength <1% of the maximal 
synaptic conductance was eliminated. The application of this spike-timing model for a prolonged 
period of time would lead to the eventual elimination of an excessive number of contacts. We 
therefore presumed that refinement occurs only during a critical period of synaptic plasticity.  
 
With an equal number of initial inputs of each sensory type, application of the spike-timing 
model for ~200-300 minutes of simulated muscle contraction led to the elimination of ~4 times as 
many heteronymous as homonymous synapses, resulting in a 3-to-1 final ratio of homonymous to 
heteronymous sensory inputs (Figures 3.9E and 3.9F). Broadening the sensory phase distribution 
of the heteronymous population generated a similar degree of heteronymous elimination, but with 
a reduced amount of homonymous refinement and over a shorter simulation period. Thus, 
regardless of the precise parameters used, this model supports the view that differences in the 
relative timing of sensory and motor activity are sufficient to drive selective refinement of 
heteronymous sensory-motor connections. Blockade of sensory transmission would then be 
expected to prevent this refinement process by precluding STDP, providing a plausible explanation 











Figure 3.9 A spike-timing model of sensory-motor refinement  
 
(A) Schematic of the spike-timing dependent plasticity model. A motor neuron (grey) receives 
sensory input from homonymous (blue) and heteronymous (red) sensory afferent populations. 
The strength of the sensory-motor synapses is subject to STDP, resulting in a dependence on the 
phase relationship between the firing patterns of the sensory afferent and the motor neuron. (B) 
Long-tailed STDP model. The horizontal axis is the difference tpre-tpost in ms between the pre- 
and postsynaptic spike times. The vertical axis is the change in synaptic strength relative to the 
maximal strength produced by a single spike pair. (C) Simulated motor neuron spike train. The 
neuron fires a burst of ~6 spikes twice per second. (D) Distribution of sensory afferent firing 
phases relative to the phase of the simulated motor neuron activity. On each cycle, homonymous 
and heteronymous afferent activity was phase shifted relative to the motor oscillation by a 
random amount chosen from a zero-mean Gaussian distribution with a standard deviation of 10 
or 15 degrees, respectively (n = 100 each). The distributions shown have been normalized to a 
peak value of 1. (E) Sensory-motor synapse strengths shortly after application of STDP model 
(left), and following application of model over 200 minutes of simulated muscle contraction 
(right). Synaptic strengths are reported in units of the maximum allowed synaptic strength (1 
nS), and all synapses were set to a relative strength of 1.0 at the beginning of the simulation. (F) 
Percentage of sensory-motor synapses refined during a representative application of the STDP 
model.  
 






The coordinate activation of motor synergy groups by proprioceptive sensory afferents is 
thought to promote the stabilization of limb trajectories, yet the strategies involved in establishing 
heteronymous sensory connections with synergist motor pools have not been resolved. My genetic 
studies in mice show that proprioceptive afferents form incorrectly tuned heteronymous sensory-
motor connections in the absence of central sensory transmission, whereas the specificity and 
incidence of homonymous and antagonist connectivity is unchanged. I also provide a spike-timing 
model of synaptic plasticity that can account for my findings. Taken together, my observations 
establish that activity-dependent mechanisms do have a role in determining appropriate patterns 
of sensory-motor connectivity.  
 
Sensory afferent activity and the refinement of synaptic density 
 
Studies to define the origins of sensory-motor connectivity patterns have emphasized the 
activity-independence of this developmental process (Mears and Frank, 1997; Mendelson and 
Frank, 1991). My findings show that the state of central sensory transmission regulates one select 
feature of sensory-motor connectivity - the density of heteronymous connections between sensory 
afferents and synergist motor neurons.  
 
The most likely reason for these divergent conclusions is that prior studies focused on the 
sensory avoidance of antagonist motor pools, a finding which our data corroborate (Mears and 
Frank, 1997; Mendelson and Frank, 1991; Shneider et al., 2009a; Wang et al., 2012). An additional 
difference between our findings and prior physiological studies in chick is that the chick studies 
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demonstrated a general ~2-fold increase in the amplitude of sensory-motor EPSPs under 
conditions of muscle paralysis (Mendelson and Frank, 1991), whereas I observe no change in the 
numerical incidence, and thus the implied strength, of homonymous connections. This discrepancy 
could reflect differences in the strategy for sensory inactivation, since peripheral muscle paralysis 
reduces the programmed death of motor neurons, and potentially of proprioceptive sensory 
neurons (Oppenheim, 1989). 
 
 The finding that the state of sensory transmitter release sets the synaptic density of a 
defined class of sensory-motor connections brings proprioceptive sensory neurons into the general 
fold of activity-dependent circuit refinement that operates elsewhere in the central nervous system 
(CNS) (Okawa et al., 2014). In other circuits for instance, presynaptic activity drives the 
competitive elimination of motor synapses from multiply innervated muscle fibers and the 
elimination of supernumerary climbing fibers from cerebellar Purkinje neurons (Buffelli et al., 
2003; Lorenzetto et al., 2009). Yet one aspect of the logic of synaptic pruning in the sensory-motor 
system differs from that of most other regions of the CNS. The set of potential postsynaptic motor 
neuron partners that serve as substrates for pruning can be independently identified by their 
molecular identity and connectivity. In nearly all other regions of the CNS, target neurons are 
perceived as molecularly and functionally equivalent at the time of activity-driven pruning (Okawa 
et al., 2014). As a consequence, analysis of the sensory-motor system permits a separation of the 
contribution of sensory activity to the formation of selective sensory connections with distinct 
motor targets and the subsequent refinement of connection densities.  
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One of the few other neural systems in which the refinement of connections to distinct 
neuronal subtypes has been explored is the mammalian retina. In the retina, dark rearing reduces 
sensory input activity, which impairs the maturation of connections between cone cells and 
particular cone-selective bipolar cell subtypes (Dunn et al., 2013). The selective consequences of 
this perturbation may reflect the timing of synapse formation, since connections with type 6 bipolar 
cells, which are established prior to eye opening, are unaffected by the loss of presynaptic activity, 
whereas connections with type 7 and type 8 bipolar cells, which form after activity impairment, 
are disrupted. One distinction between spinal cord and retina is that the loss of sensory input in the 
retina perturbs the formation of connections as well their subsequent elimination.  
 
The increase in heteronymous connections observed under activity blockade could result 
either from synaptic sprouting or from a loss of synaptic refinement. However, the establishment 
of spinal sensory-motor connections does not appear to be affected by the loss of sensory 
transmitter release. Even though heteronymous connections double in frequency under conditions 
of activity-blockade, they represent only a minority of sensory inputs to motor neurons, and the 
overall number of sensory-motor connections remains relatively constant. Consequently, if the 
enrichment in heteronyomous sensory-motor connections upon sensory transmission blockade was 
the result of synaptic sprouting, this sprouting would have to exhibit absolute selectivity for 
synergist pools. Although I can not rule out the possibility that more heteronymous connections 
form upon sensory transmission blockade, a likelier explanation for the observed increase in 
heteronymous connections is a failure in the pruning of connections.  
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The enhanced density of heteronymous sensory-motor connections observed in these 
studies was achieved through central blockade of transmitter release from all proprioceptive 
sensory afferents. In other neural systems, synaptic remodeling typically occurs under conditions 
of selective input blockade, such that active synapses effectively outcompete their less active 
neighbors (Buffelli et al., 2002; Stellwagen and Shatz, 2002; Yu et al., 2004). It has not yet been 
possible to silence a single muscle-defined set of sensory afferents, but precedent in other circuits 
might argue that such an imbalance promotes synaptic competition and leads to the elimination of 
inactive synapses.  
 
Limitations of sensory blockade in shaping patterns of sensory-motor connectivity 
 
 Even under conditions in which sensory transmission is blocked, our findings show that 
the density of heteronymous connections to a motor pool remains lower than that from its 
homonymous inputs. If the state of sensory transmitter release was the sole determinant of 
heteronymous synaptic density, then blockade of sensory transmission might have been predicted 
to equalize homonymous and heteronymous input strengths. There are several potential reasons 
for the persistence of distinctions in homonymous and heteronymous sensory input strength under 
conditions of sensory input blockade.  
 
First, the effectiveness of our sensory inactivation strategy depends on the onset of 
parvalbumin-mediated TeNT expression. Parvalbumin expression by proprioceptors begins at 
~e14.5, just prior to the formation of sensory-motor synapses, but may take several days to spread 
to all proprioceptors (Arber et al., 2000; Hippenmeyer et al., 2005; J. de Nooij, personal 
communication). Consequently, synaptic refinement may have proceeded during the early stages 
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of sensory-motor synapse formation. Second, our sensory inactivation strategy preserves inputs 
from the many descending pathways and local interneuron circuits that do not express 
parvalbumin, and these could have an accessory role in defining sensory input strengths. 
Furthermore, the cortical and spinal inhibitory interneurons that do express parvalbumin only 
commence expression after the first postnatal week, and would thus be inactivated after the initial 
pattern of sensory-motor connections is established (Benito-Gonzalez and Alvarez, 2012; Del Rio 
et al., 1994).  
 
Activity-independent mechanisms may also contribute to the initial discrimination of 
sensory inputs to synergist motor neurons. Motor neuron positional cues have previously been 
shown to constrain the motor targeting of proprioceptive sensory afferents, and consequently they 
could perhaps help sensory afferents discriminate between neighboring synergist motor pools 
(Sürmeli et al., 2011). Nevertheless, for the AC synergy group I find that synergist pools lie 
equidistant from each other, making it hard in this case to implicate positional cues as the basis of 
the markedly divergent degrees of heteronymous input.  
 
 An alternative activity-independent mechanism involves sensory recognition of motor pool 
surface markers. Surface recognition has been implicated in sensory discrimination between 
certain motor pools and may contribute to the initial discrimination between synergist motor pools. 
The particular molecules that may be involved in sensory discrimination between synergist motor 
neurons have yet to be defined. But regardless of molecular strategy, my findings reveal that 
sensory afferent activity serves as one determinant of finely tuned sensory-motor connections. 
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 The generation of spinal motor neuron diversity is necessary for the coordination of distinct 
muscle groups in the periphery. Although considerable attention has been given to the mechanisms 
that pattern spinal motor neurons that innervate the proximal limb, the genetic mechanisms 
underlying the specification of digit-innervating motor neurons have yet to be addressed. In the 
following chapters, I will describe my efforts to genetically profile hindlimb motor pools and will 
provide evidence that the motor pools that control the digits are marked by distinct patterns of gene 




Genetic profiling of biomechanically distinct motor pools 
 
 To probe the genetic specification of motor pools with distinct biomechanical functions, I 
performed a genetic screen of five motor pools with known functions and patterns of sensory-
motor connectivity. I included three synergist ankle dorsiflexors, the tibialis anterior (TA), 
extensor digitorum longus (EDL) and peroneus longus (PL), because I had previously established 
their pattern of heteronymous sensory-motor connectivity in mouse. I also included one antagonist 
ankle extensor, the gastrocnemius (GS), and the intrinsic foot muscles (IF).  
 
GENETIC PROFILING OF DIGIT-INNERVATING MOTOR NEURONS 79 
 
 
 I performed RNA-seq profiling of retrogradely labeled motor neurons laser-captured from 
spinal cord sections of wild-type p6 mice, the earliest possible age to achieve muscle specific 
retrograde tracing with CTB (Figure 4.1A). Pairwise sample comparisons among the five motor 
pools revealed thirteen genes that were robustly and selectively expressed in the intrinsic foot pool, 
as determined by an average intrinsic foot pool RPKM value >15 and an average fold change over 
other pools >25 (Figure 4.1B). Pairwise sample comparisons also revealed one gene, Aldh1a2, 
which was selectively excluded from the intrinsic foot pool.  
 
 I then validated the motor neuron expression patterns of these 14 genes between p0-p6 by 
in situ hybridization, using serial spinal cross sections hybridized with a probe against Chat to 
label the position of motor neurons (Figures 4.2 and 4.3). The intrinsic hand pool can be identified 
based on its dorsal position at spinal level C8-T1, and the intrinsic foot pool can be identified by 
its dorsal position at L5. Of the thirteen foot enriched genes, three did not have detectable motor 
neuron expression and two genes, Osmr and Col8a1, were specifically expressed at the position 
of the intrinsic foot pool. Intriguingly, the remaining eight genes were expressed at the positions 
of both the intrinsic hand and intrinsic foot pools. I did not detect significant variation in the 
number of hand or foot motor neurons labeled by the genes identified from this screen. Moreover, 
when I compared the level of expression for each of these genes to that of the corresponding Chat 
section, I noted that each gene expressed uniformly throughout the intrinsic hand or foot pools, 
suggesting that they labeled the entire cohort of motor neurons. Aldh1a2 was expressed in all LMC 
motor neurons, but was absent at the rostrocaudal levels corresponding to both the intrinsic hand 
and intrinsic foot motor pools.  
  












Figure 4.1 Identification of motor pool specific gene expression 
(A) Schema for motor pool genetic screen experiment (see Experimental procedures). (B) Pool-
specific levels of gene expression in reads per kilobase per million. Foot pool specific genes 
were identified as having an RPKM value greater than 15 and an average fold change over other 
pools greater than 25. Pools profiled were tibialis anterior (TA), extensor digitorum longus 
(EDL), peroneus longus (PL), gastrocnemius (GS) and intrinsic foot (IF). Error bars represent 









Figure 4.2 Characterization of gene expression at the position of digit-innervating motor 
neurons 
Validation of gene expression at brachial and lumbar spinal levels at e13.5 and p0-p6. The 
intrinsic hand pool occupies a dorsal position at C8-T1, and the intrinsic foot pool occupies a 
dorsal position at L5. Intrinsic hand and intrinsic foot motor pools were identified by their 
settling position, with motor pool organization determined by serial sections labeled with Chat. 
 
 





Figure 4.3 Characterization of additional genes with positionally restricted patterns of 
expression  
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 I then analyzed the timeline of gene expression, analyzing the pattern of expression at e13.5 
and e16.5 (Figures 4.2 and 4.3). The two putative intrinsic foot pool specific genes, Osmr and 
Col8a1, were not expressed embryonically, and began expression postnatally. Three putative digit-
innervating pool specific genes, Ecrg4, Reg3b and Serpinf1, were also not expressed in the spinal 
cord at these embryonic time points, and began expression at the position of digit-innervating 
motor pools by p0. Two genes, S100a11 and Crabp2, were expressed in all LMC motor neurons 
at embryonic time points, but restricted to the position of digit-innervating motor pools by p0. 
Finally, three genes, Cpne4, Fign and Pirt were selectively expressed at the position of digit-
innervating motor pools from e13.5 onwards. Levels of Cpne4, Fign and Pirt expression were 
comparable and uniform throughout the entire intrinsic hand and foot pools.  At all embryonic 
time points analyzed, Aldh1a2 was expressed in all LMC motor neurons, but was absent at the 
rostrocaudal levels corresponding to both the intrinsic hand and intrinsic foot pools. 
 
 In contrast, pairwise sample comparisons revealed only four genes that were robustly and 
selectively expressed in any of the motor pools innervating the lower leg, using the same selection 
criteria (Figure 4.4A). Two of these genes, Ly6a and Hoxa6 did not have detectable motor neuron 
expression upon validation by in situ hybridization (Figure 4.4B). The other two genes, Dcn and 
Glp1r, which had enriched expression in the EDL and PL pools, respectively, appeared to 
sporadically label a small number of motor neurons at the appropriate spinal level. Pairwise sample 
comparisons also revealed two genes with specific expression in multiple motor pools. Alcam was 
enriched in the TA, EDL and PL motor pools, but in situ hybridization revealed that it labels many 
other neuronal cell types in the spinal cord.  Pcp4l1 was enriched in the PL, GS and intrinsic foot 
motor pools and labeled these motor neurons selectively in situ. Taken together, this genetic screen  








Figure 4.4 Few genes with specific expression in motor pools innervating the lower-leg 
(A) Levels of gene expression in reads per kilobase per million. Pool specific genes were 
identified as having an RPKM value greater than 15 and an average fold change over other pools 
greater than 25. (B) Gene expression of identified genes is shown at lumbar spinal levels at p6. 
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identified numerous genes with specific expression in digit-innervating motor neurons, but few in 
motor neurons that innervate more proximal muscles.  
 
Confirmation of specific markers of intrinsic hand and foot motor neurons 
 
 I decided to focus on the three genes that were expressed selectively in digit-innervating 
motor neurons at early embryonic time points, as their expression is likely to be regulated by 
intrinsic genetic mechanisms rather than limb-derived cues. Cpne4, a member of the Copine 
calcium-dependent phospholipid binding protein family, is expressed cytoplasmically and is 
thought to be involved in membrane trafficking, although its particular function in neurons has yet 
to be determined (Tomsig and Creutz, 2002). Fign (Fidgetin) is a nuclear ATPase associated with 
diverse cellular activities and has previously been implicated in the development of the 
semicircular canals, eyes and skeletal system (Cox et al., 2000). The role of Fign in neuronal 
function is also unclear. Pirt is a transmembrane protein expressed uniformly in DRG that 
functions as a regulatory subunit of TRPV1 to assist nociception (Kim et al., 2008). 
 
 To generate markers that define digit-innervating motor neurons, we raised antibodies 
against mouse Cpne4 and Fign. We did not generate an antibody against Pirt, because its 
transmembrane localization renders it less useful in immunohistological visualization. I first 
confirmed the motor pool specificity of Cpne4 and Fign expression through retrograde CTB-555 
tracing in p6 mice (Figure 4.5). After CTB-555 injection into TA, EDL, PL, forearm flexor and 
forearm extensor muscles, no retrogradely labeled motor neurons expressed either Cpne4 or Fign. 
After injections into intrinsic hand or intrinsic foot muscles, however, all retrogradely labeled 
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motor neurons expressed Cpne4 and Fign. Moreover, nearly all of the motor neurons expressing 
either Cpne4 or Fign were labeled by the retrograde injection, suggesting that Cpne4 and Fign 
selectively and completely mark the intrinsic hand and foot motor pools. Any Cpne4+ or Fign+ 
motor neurons not labeled by injection of CTB-555 that had no stereotypic intrapool organization 
were presumed to be the result of incomplete motor neuron labeling from the muscle. I also noted 
additional non-motor cell types that expressed either Cpne4 or Fign. Cpne4 is also expressed 
uniformly at low levels in DRG and Fign is expressed in a subset of spinal interneurons and in 
PGC neurons (Figure 4.6A). These Fign+ PGC neurons can be distinguished from Fign+ intrinsic 
hand motor neurons by their more dorsal position within the spinal cord and their smaller nuclear 
size (Figure 4.6B). 
 
 I next confirmed the specificity of Cpne4 and Fign expression in motor neurons at e14.5 
through retrograde Rh-Dex tracing. At earlier ages, retrograde tracing from the hand or foot is not 
efficient, as axons do not invade the most distal part of the limb until e12.5-e13.5. As a comparison, 
I also examined the expression of the transcription factor Scip, a previously characterized marker 
of distal muscle-innervating motor pools at embryonic ages (Dasen et al., 2005). After Rh-Dex 
injection into intrinsic hand or intrinsic foot muscles, all retrogradely labeled motor neurons 
expressed Scip, Cpne4 and Fign (Figure 4.7). Again, nearly all of the motor neurons expressing 
either Cpne4 or Fign were labeled by the retrograde injections. However, at brachial levels, I noted 
a more ventral population of Scip+ motor neurons that were not labeled by intrinsic hand muscle 
injection. These unlabeled motor neurons presumably innervate forearm flexor muscles, which 
have previously been shown to express Scip (Dasen et al., 2005). To validate this finding, I also 
performed retrograde Rh-Dex injections into forearm flexor and forearm extensor muscles (Figure 
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4.8). Injections into forearm flexor muscles, but not forearm extensor muscles, labeled Scip+ motor 
neurons. Injections into either forearm muscle group failed to label Cpne4+ or Fign+ motor neurons. 
Thus, Cpne4 and Fign expression define the intrinsic hand and intrinsic foot motor pools. 
 
 Because Scip functions as a transcription factor and has a broader pattern of motor neuron 
expression than Cpne4 and Fign, I next addressed whether the expression of Cpne4 and Fign is 
regulated by Scip. I examined the pattern of Cpne4 and Fign expression in a Scip null mouse in 
which the sequence for Scip has been replaced by a LacZ gene (Figure 4.9; Bermingham et al., 
1996). I found that in the absence of functional Scip protein, Cpne4 and Fign expression is 
maintained in the appropriate motor neuron pools, suggesting that their expression is regulated 
independently of Scip. We also assessed the expression of several other markers by in situ 
hybridization, including Pirt and Crabp2, but again found that their expression is maintained in 
the Scip mutant (Kevin Kanning, personal communication). 
  
  














Figure 4.5 Specificity of digit-innervating pool markers at postnatal stages 
Identification of motor pools by retrograde CTB-555 labeling after tracer injection into specific 
muscles at p6. Fign+ and Cpne4+ motor neurons are labeled selectively after CTB-555 injection 
into the intrinsic hand and intrinsic foot muscles. Abbreviations: intrinsic hand (IH), intrinsic 
foot (IF), tibialis anterior (TA), extensor digitorum longus (EDL), peroneus longus (PL). Scale 



































Figure 4.6 Fign expression in PGC motor neurons 
(A) Fign is expressed in intrinsic hand motor neurons at caudal brachial levels (left panel) and 
in nNOS expressing PGC motor neurons at thoracic levels (right panel). (B) PGC motor neurons 
have a smaller nuclear diameter than LMC intrinsic hand motor neurons (n = 3 animals).  
  













Figure 4.7 Specificity of digit-innervating pool markers at embryonic stages 
Identification of motor pools by retrograde Rh-Dex labeling after tracer injection into intrinsic 
hand and foot muscles at e14.5. Intrinsic hand and intrinsic foot pools represent a dorsal domain 
of FoxP1+ LMC motor neurons. Fign+ and Cpne4+ motor neurons are labeled selectively after 
Rh-Dex injection into the intrinsic hand and intrinsic foot muscles, whereas Scip+ motor neurons 
can also be found in a ventral forelimb domain unlabeled by tracer injection (arrow). Scale bars 






























Figure 4.8 Cpne4 and Fign are excluded from proximal forearm flexor and extensor pools 
Identification of motor pools by retrograde Rh-Dex labeling after tracer injection into forearm 
flexor and extensor muscles at e14.5. Scip+ motor neurons are labeled after Rh-Dex injection 
into forearm flexor muscles, but not forearm extensor muscles. Fign+ and Cpne4+ motor neurons 
are not labeled after Rh-Dex injection into either forearm flexor or extensor muscles. Scale bars 


















Figure 4.9 Scip does not regulate the expression of Cpne4 and Fign 
Cpne4 and Fign expression is maintained in e13.5 Scip null embryos in which the Scip coding 
sequence is replaced by an in-frame LacZ gene. Tissue shown is from lumbar spinal cord levels. 




















 In this chapter, I performed a genetic screen of five hindlimb motor pools and identified 
ten genes that were selectively expressed in the intrinsic foot motor pool. In situ hybridization 
experiments revealed that the majority of these genes were expressed in both the intrinsic foot and 
intrinsic hand motor pools. There was greater variation, however, in the timeline of expression, as 
some genes showed specific expression early in embryonic development, whereas others became 
specific postnatally. We generated antibodies for two of these early digit-innervating motor neuron 
specific genes and confirmed with retrograde backfills that they are indeed expressed selectively 
in all motor neurons that innervate the intrinsic muscles of the hands and feet. These results suggest 
that digit-innervating motor neurons share distinctive patterns of gene expression that may reflect 
common developmental mechanisms.   
 
Gene expression within the intrinsic digit-innervating motor cohort  
 
 This genetic screen revealed genes that were selectively expressed in motor neurons that 
innervate intrinsic muscles of the hands and feet that control digit movement. However, not all 
muscles that control the digits are located within the autopod itself. Muscles that control the digits 
can be categorized as extrinsic, originating in the lower hindlimb or forelimb, or intrinsic, 
originating within the autopod itself. The intrinsic hand and foot muscles include muscles that 
control individual digits, as well as lumbrical and interosseous muscles. In the hindlimb, the 
majority of muscles that move the digits are intrinsic foot muscles. A prominent exception is the 
extensor digitorum longus (EDL), an extrinsic muscle of the lower leg that both dorsiflexes the 
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foot and extends the toes. In the forelimb, a larger number of extrinsic forelimb muscles also 
control the wrist and digits.  
 
 The inclusion of EDL and intrinsic foot within the original screen serves as a useful 
comparison of extrinsic and intrinsic digit-innervating motor neurons. I found no genes that were 
expressed in both EDL and intrinsic foot motor neurons, either based on screen results or tissue 
gene expression patterns. Moreover, when I examined those genes that were expressed in intrinsic 
hand motor neurons, I did not see any additional expression in motor neurons corresponding to 
forearm flexors or extensors. I was able to further confirm the specificity of expression by 
retrograde backfill for the two genes for which we generated antibodies. 
 
 In contrast, Scip is a gene that is expressed in both extrinsic and intrinsic digit-innervating 
motor neurons at forelimb levels. However, Scip is not expressed in all extrinsic digit-innervating 
motor neurons. Scip is expressed in forearm flexor motor neurons that control the hand and digits, 
but not motor neurons that innervate forearm extensors of the digits. Moreover, Scip is only 
expressed in intrinsic foot motor neurons at hindlimb levels, and not in EDL motor neurons, 
suggesting that Scip expression does not directly demarcate those motor pools that control digit 
movement. The genetic mechanisms that regulate Scip expression are not well understood, as are 
the downstream targets of Scip activity. My results, however, demonstrate that Scip is not 
necessary for the downstream expression of the intrinsic hand and foot specific markers that 
emerged from this screen. 
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 Although the digit motor neuron genes that emerged from this screen appear to be 
expressed in all of the motor neurons projecting to the intrinsic hand and foot muscles, a remaining 
question is whether there are smaller subdivisions within the intrinsic hand and foot motor cohort 
that can be distinguished genetically. Intrinsic hand and foot muscles differ in their embryological 
origin, with some muscles deriving from the dorsal muscle mass and others from the ventral muscle 
mass (Čihák, 1972; Kardon, 1998). In proximal limb, the distinction between motor neurons that 
innervate the dorsal or ventral limb is reflected by the differential expression of Isl1 and Lhx1. The 
LIM homeodomain status of the intrinsic hand and foot motor pools will be subsequently 
addressed in the next chapter. Intrinsic hand and foot muscles also differ in their nerve innervation. 
Intrinsic foot muscles are differentially innervated by the medial and lateral plantar nerves, and 
intrinsic hand muscles are differentially innervated by the median and ulnar nerves. It is therefore 
possible that intrinsic hand or foot motor neurons can be broadly distinguished based on their 
innervation of dorsal or ventral muscles, or by their pattern of nerve fasciculation.  
 
 It is also conceivable that the intrinsic hand and foot pools consist of many smaller pools 
corresponding to each individual muscle within the autopod. However, it is unclear whether the 
motor neurons that innervate distinct intrinsic muscles are topographically segregated like motor 
pools that innervate more proximal muscles. Although retrograde tracing in monkey suggests that 
intrinsic hand motor neurons are not in fact topographically segregated, this tracing was performed 
with a single color of tracer, making positional comparisons difficult (Jenny and Inukai, 1983). A 
more careful analysis of motor neuron positions within the intrinsic hand and foot pools would 
require dual tracer injection and assignation of stereotyped positional coordinates, a challenging 
task given the exceptionally small size of these muscles.  




 The genetic screen I performed did not directly address the issue of subdivisions within the 
intrinsic foot pool, since the tracer I injected into the foot autopod labeled all the muscles of the 
intrinsic foot. However, if there were genes expressed in only a subset of intrinsic foot motor 
neurons, I should have detected them, albeit at a lower level of overall gene expression compared 
to genes expressed in the entire intrinsic foot pool. It is possible, though, that these genes would 
have had too low of expression to meet my selection criteria for characterization by in situ 
hybridization. Nevertheless, among the genes I examined, I did not observe any variation in 
expression patterns that would indicate the labeling of neuronal subsets. Moreover, when I 
performed retrograde tracing from the entire intrinsic hand or foot muscle group, I saw near 
complete colocalization of tracer accumulation and marker expression, indicating that all motor 
neurons innervating the muscles of the autopod express these markers.  
 
Functional relevance of genes identified in digit-innervating motor neurons 
 
 Given the lack of similarly enriched genes for the other motor pools profiled, the abundance 
of genes identified with selective expression in digit-innervating motor neurons suggests that this 
subset of motor neurons engages distinct signaling pathways. However, with the exception of 
Aldh1a2 and Crabp2, which are involved in retinoic acid signaling and will be addressed in the 
following chapter, none of the genes identified from the screen have a function that would suggest 
an obvious role in neuronal fate specification, muscle target innervation or physiologic function. 
The genes identified from the screen did not correspond to protein classes that have other functions 
related to neuronal development and function, such as transcription factors, cell adhesion proteins 
GENETIC PROFILING OF DIGIT-INNERVATING MOTOR NEURONS 97 
 
 
or ion channels. Moreover, the knockout mice that exist for these genes, such as for Pirt and Fign, 
do not appear to have defects in digit motor control (Cox et al., 2000; Kim et al., 2008). 
 
 It is possible that because this screen was performed at early postnatal stages, it failed to 
detect early expressed genes involved in fate specification and circuit development that had since 
been downregulated. The failure of the genetic screen to identify Scip as a gene selectively 
expressed in intrinsic foot motor neurons can be attributed to its developmental downregulation. 
However, this screen did detect early expressed genes, such as Pirt, Cpne4 and Fign, which 
maintain their expression postnatally. The function of these genes in intrinsic hand and foot motor 
neurons remains to be determined. Two of these genes, though, Pirt and Cpne4, are also expressed 
in DRG, raising the possibility that they are involved in sensory-motor circuit assembly.   
 
Linking intrinsic hand and foot motor neuron specification 
 
 Intrinsic hand and foot motor neurons are generated at different levels of the spinal cord 
that engage distinct Hox programs, yet both pools express many of the same downstream markers. 
This observation suggests that there are common upstream signaling pathways that mediate the 
expression of genes in both intrinsic hand and foot pools. One possibility is that intrinsic digit 
pools engage different cell intrinsic signaling pathways that are downstream of Hox expression. 
Hox activity is known to regulate expression of RALDH2 at LMC levels and BMP5 at thoracic 
levels (Dasen et al., 2003). RALDH2 represents an intriguing potential source of differential 
signaling within the LMC, since my results show that Aldh1a2, the gene that encodes RALDH2, 
is excluded from digit-innervating motor neurons at both embryonic and postnatal time points.   




 Another possibility is that the expression of common markers in both intrinsic hand and 
foot pools is mediated by peripheral cues from the developing autopod. Early in development, the 
formation of the hindlimb and forelimb autopod engage many of the same mechanisms, and the 
abundance of signaling gradients at the distal edge of the developing autopod provide a rich source 
of possible retrograde signaling molecules. Retrograde signaling can only take place after the 
motor axons have innervated the limb, however, so this aspect of specification is more likely to 
underlie the expression of markers that turn on later in embryonic development. 
 
 The observation that two markers, Osmr and Col8a1, are selectively expressed in the 
intrinsic foot highlights that although common mechanisms may drive similar patterns of gene 
expression in both intrinsic digit pools, differences between the two pools still remain. These 
particular markers began expression later in development, perhaps reflecting their subtle 
distinctions in intrinsic or retrograde signaling pathways. It is also likely that the distinct Hox 
programs for these two pools also plays a role in differential fate specification. The particular cell 
intrinsic and retrograde signaling pathways involved in specifying digit-innervating motor neurons 
will be the subject of the following chapter.  
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5.1 Introduction  
 
 
 The identification of numerous genes that are specifically expressed in digit-innervating 
motor neurons raises the question of whether these genes are regulated by upstream signaling 
pathways. In this chapter, I will show that digit-innervating motor neurons can be distinguished 
from other limb-innervating motor neurons in the way they engage in two developmental signaling 
pathways. Unlike other limb-innervating motor neurons, digit-innervating motor neurons do not 
make retinoic acid. Moreover, digit-innervating motor neurons are unique among limb-innervating 
motor neurons in that they engage in BMP/pSMAD signaling.  
 
 
Retinoic acid in motor neuron specification  
 
 Retinoic acid has been shown to contribute to cellular proliferation and specification in  
many organ tissues, including the CNS, heart, eye, skeleton, limb buds, lung, pancreas and 
genitourinary tract (Duester, 2008). In the spinal cord, retinoic acid is involved in several aspects 
of motor development. Retinoids produced by the paraxial mesoderm have an early role in 
regulating the formation, proliferation and differentiation of motor neuron progenitors through 
modulation of Hox, homeodomain and bHLH protein expression (Liu et al., 2001; Novitch et al., 
2003). Consequently, inducing expression of a dominant-negative retinoic acid receptor, RAR403, 
blocks induction of motor neuron progenitors, as defined by the expression of Olig2 (Novitch et 
al., 2003). Expressing RAR403 in post-mitotic motor neurons at brachial levels has a similar 




impact, globally reducing the number of motor neurons with a generic LMC character, as defined 
by RALDH2 expression, and instead promoting thoracic motor neuron fates (Sockanathan et al., 
2003).  
 
 Retinoic acid has a second role in the divisional specification of post-mitotic LMC motor 
neurons, which is mediated both by mesodermal retinoids and retinoids produced by the LMC 
motor neurons themselves (Ji et al., 2006; Sockanathan and Jessell, 1998; Sockanathan et al., 2003; 
Vermot et al., 2005). Early born Isl1+ medial LMC (LMCm) neurons first express RALDH2, then 
contribute to the differentiation of later born LMC neurons which migrate past the LMCm, begin 
expressing RALDH2, and acquire a Lhx1+ lateral LMC (LMCl) character (Figure 5.1; 
Sockanathan and Jessell, 1998). Evidence for the role of retinoids in divisional LMC specification 
first came from experiments showing that exogenous RA exposure in both in vitro and in vivo 
chick embryo preparations biases LMC motor neurons towards a lateral character (Sockanathan 
and Jessell, 1998). Similarly, expressing RAR403 at lumbar spinal levels, where paraxial 
mesoderm expresses lower levels of RALDH2, causes a selective 3-fold reduction in the number 
of LMCl motor neurons (Sockanathan et al., 2003). In contrast, expressing a constitutively active 
retinoic acid receptor, VP16RAR, disrupts thoracic, but not LMC motor neuron fate specification. 
Thoracic motor neurons are normally protected from retinoid exposure through the expression of 
CYP26B1 (Abu-Abed et al., 2002; Swindell et al., 1999). 
 
 Experiments disrupting retinoic acid signaling through mutations in RALDH2 have yielded 
consistent findings. Conditional elimination of RALDH2 in brachial motor neurons with a 
Rarb::Cre driver line leads to a selective reduction in the number of LMCl motor neurons by 20%  














Figure 5.1 Role of retinoic acid in motor neuron specification 
(A) Mesodermal retinoids regulate the formation and differentiation of motor neuron 
progenitors. (B) Early born LMC motor neurons express RALDH2. Later born motor neurons 
migrate laterally past the early born motor neurons to acquire a lateral LMC identity. From 
(Sockanathan and Jessell, 1998). 
  




(Vermot et al., 2005). Reducing RALDH2 expression in paraxial mesoderm also results in a 
selective 20% reduction in the number of LMCl motor neurons at both forelimb and hindlimb 
levels (Ji et al., 2006). Intriguingly, conditional knockdown RALDH2 expression in post-mitotic 
motor neurons with an Isl1::Cre driver line reduces the numbers of both LMCm and LMCl motor 
neurons at later developmental stages, suggesting that continued RA synthesis may be necessary 
for LMC maintenance (Ji et al., 2006). Taken together, these experiments suggest that retinoic acid 
has an initial role in the induction of motor neuron progenitors and a secondary role in promoting 
and maintaining the divisional specification of post-mitotic LMC motor neurons.  
 
Mechanisms of retinoid acid signaling 
 
 Retinoid acid is a metabolic byproduct of vitamin A (retinol) which is taken up by cells 
from the bloodstream and metabolized to retinaldehyde by the enzyme retinol dehydrogenase 
(RDH). Retinaldehyde dehydrogenases (RALDHs) then convert retinaldehyde to retinoic acid. 
Vertebrates utilize three RALDH enzymes (RALDH1-RALDH3) that vary in their tissue-specific 
patterns of expression (Duester, 2008). The predominant RALDH enzyme involved in the 
generation of motor neurons is RALDH2 (Niederreither et al., 1997, 2002). Retinoic acid exists in 
two forms: all-trans and 9-cis retinoic acid. RALDH2 is capable of making both forms, though it 
predominantly generates all-trans RA, and 9-cis RA is not typically detectable in embryos (Gagnon 
et al., 2002; Mic et al., 2003; Ulven et al., 2001). 
 
 RA is synthesized in the cytoplasm and can be secreted by the cell to act on neighboring 
cells through paracrine signaling, or can be transported to the nucleus to engage in autocrine 
signaling. In the cytoplasm, RA is bound by two retinoic acid binding proteins, CRABP1 and 




CRABP2. The two proteins have different patterns of tissue expression, suggesting different roles 
in the regulation of retinoic acid signaling (Gustafson et al., 1993; Lyn and Giguère, 1994; Ruberte 
et al., 1992). In cell culture studies, CRABP2 has been shown to facilitate retinoic acid transport 
to the nucleus, whereas CRABP1 is thought to enhance retinoic acid degradation (Boylan and 
Gudas, 1992; Dong et al., 1999). CRABP2 has also been shown to be inducible by retinoic acid in 
vitro, suggesting feed-forward regulation (Aström et al., 1994). The role of CRABP proteins in 
vivo is less well understood. Both CRABP2 single and CRABP1/CRABP2 double knockout mice 
are essentially indistinguishable from wild-type mice and no more sensitive to exogenous retinoic 
acid treatment during development (Lampron et al., 1995). The role of these proteins in retinoic 
acid signaling has been studied in detail in zebrafish, which has four Crabp gene variants. Both 
experimental evidence and computational modeling in this system suggest that robust retinoid 
signaling requires both CRABP mediated nuclear sequestration and cytosolic degradation of 
retinoic acid (Cai et al., 2012).  
 
 In the nucleus, RA binds to a transcription complex comprised of a retinoic acid receptor 
(RAR) and retinoid X receptor (RXR) heterodimer. All-trans RA binds RARs with greater affinity 
than RXRs, thus promoting heterodimerization, although all-trans RA has been demonstrated in 
vitro to activate RXR homodimers to a lower degree (Allenby et al., 1993). There are three RAR 
genes (RARα, RARβ and RARγ) and three RXR genes (RXRα, RXRβ and RXRγ), all of which 
have additional isoform variants with distinct patterns of tissue-specific expression (Mollard et al., 
2000). RARβ is considered to be the primary RAR involved in LMC specification (Colbert et al., 
1995; Mollard et al., 2000). Retinoic acid receptor pairs bind to DNA sequences called retinoic 
acid-response elements (RAREs) and regulate transcription in combination with a wide variety of  








Figure 5.2 The retinoic acid signaling pathway 
Retinol is metabolized to retinaldehyde by retinol dehydrogenase 10 (RDH10), which is in turn 
metabolized to retinoic acid by retinaldehyde dehydrogenases (RALDHs). RA can be secreted 
to engage in paracrine signaling or translocate to the nucleus to engage in autocrine signaling. 
Retinoic acid is bound within the cytoplasm to cellular retinoic acid binding proteins (CRABPs), 
which mediate transport to either nuclear receptors or degrading enzymes. From (Maden, 2007). 
  




co-activators and co-repressors. Different RAR/RXR hetero- and homo- dimer pairs bind different 
sets of response elements, leading to divergent downstream signaling. Moreover, RXRs can form 
heterodimeric pairs with many other nuclear receptors, and RARs can modulate gene expression 
independently of RXRs through repression of AP-1 transcription complexes (Benkoussa et al., 
2002; Laudet and Gronemeyer, 2002). Consequently, more than 500 genes have been shown to be 
retinoic acid responsive, though not all are necessarily mediated through RARE binding (Maden, 
2007).  Catabolism of retinoic acid is mediated in the cytoplasm by the cytochrome P450 family 
26 (CYP26) class of enzymes. The expression of the three variants, CYP26A1, B1 and C1, is 
distinct and confined to tissues that are particularly sensitive to the teratogenic effects of excess 
retinoid signaling (Abu-Abed et al., 2002; Tahayato et al., 2003).  
 
BMP signaling  
 
 Bone morphogentic proteins (BMPs) are ligands for the TGFβ signaling pathway and are 
involved in both limb and spinal motor patterning. Signal transduction through BMP receptors is 
mediated by members of the SMAD family, such that ligand binding leads to SMAD 
phosphorylation (Liu and Niswander, 2005). Phosphorylated SMAD (pSMAD) is the 
transcriptionally active form, and BMPs selectively signal through phosphorylated SMAD1, 
SMAD5 and SMAD8. In the limb, BMPs are expressed in the AER, the distal edge of the 
developing limb bud, and their expression appears to play a specific role in digit patterning (Choi 
et al., 2012). In spinal cord development, the epidermal ectoderm secretes BMPs to pattern the 
dorsal spinal cord (Liem et al., 1995). PGC motor neurons also make BMP5 and express pSMAD, 




although it is unclear whether the source of pSMAD induction is from local or peripheral BMPs 
(Dasen et al., 2003).   
 
 Digit-innervating motor neurons may be exposed to several potential sources of BMP 
signaling during their development. The dorsal position of digit-innervating motor neurons within 
the LMC might lead to selective exposure to BMPs from the epidermal ectoderm. Given the high 
expression of BMPs in the developing distal limb bud, it is also possible that peripheral BMP 
signaling may selectively influence digit-innervating motor neuron specification as well. Although 
peripheral BMPs have yet to be implicated in spinal neuron development, retrograde BMP 
signaling has precedent in other systems. In trigeminal sensory ganglia, BMP4 from the distal 
epithelium of the skin mediates the translocation of SMAD1/5/8 to the cell body, where it is 
phosphorylated and regulates the downstream expression of trigeminal-specific transcription 
factors (Hodge et al., 2007).   












Figure 5.3 BMP signaling pathways 
(A) Bone morphogenetic protein (BMP) ligands bind to BMP receptors, leading to receptor 
phosphorylation. The activated receptor phosphorylates SMAD proteins, which then translocate 
to the nucleus to mediate transcription. (B) FGFs and BMPs are expressed in the developing 
distal limb bud. From (Capdevila et al., 1999; Liu and Niswander, 2005). 







Digit-innervating motor neurons do not make retinoic acid 
 
 My finding that Aldh1a2, the gene that encodes RALDH2, is excluded from digit-
innervating motor neurons at both embryonic and postnatal time points led me to explore whether 
these motor neurons fail to make RALDH2. I first confirmed the motor pool specific exclusion of 
RALDH2 expression through retrograde tracing in both e14.5 and p0 mice. After tracer injection 
into the intrinsic hand and intrinsic foot muscles at either age, no retrogradely labeled motor 
neurons expressed RALDH2 (Figure 5.4A). In order to determine whether these intrinsic hand and 
foot motor neurons expressed RALDH2 at an earlier time point, I examined the pattern of 
RALDH2 expression at e11.5-e12.0, the age at which RALDH2 expression is first detectable in 
LMC motor neurons (Vermot et al., 2005). I used Cpne4 as an early marker of intrinsic hand and 
foot motor neurons since it turns on at e11.5, whereas Fign does not begin expression until e12.5 
(Figure 5.8). At rostral brachial and lumbar levels of the spinal cord, RALDH2 was expressed in 
all FoxP1+ LMC motor neurons (Figure 5.4B). In contrast, Cpne4+ motor neurons at caudal 
brachial and lumbar levels did not express RALDH2 at e12.0 (Figure 5.4C). These results suggest 
that intrinsic hand and intrinsic foot motor neurons do not express RALDH2 during their 
embryonic specification. 
 
 I next addressed whether the absence of RALDH2 is limited to intrinsic hand and foot 
innervating motor neurons, or whether other digit-innervating motor neurons exclude RALDH2 as 
well. To test this, I examined the pattern of RALDH2 expression in Scip+ motor neurons, which 




include both extrinsic and intrinsic digit-innervating motor neurons at forelimb levels. All Scip+ 
motor neurons fail to express RALDH2 at forelimb levels at e12.5. In contrast, the EDL motor 
pool, an extrinsic digit-innervating pool at hindlimb levels, does make RALDH2 (Figure 4.1). 
Taken together, these results suggest that almost all digit-innervating motor neurons do not make 
RALDH2.  
 
 In order to determine the divisional specification of digit-innervating motor neurons, I next 
examined their expression of FoxP1 and Isl1. RALDH2 expression requires high levels of FoxP1, 
and the first motor neurons to express RALDH2 are Isl1+ LMCm neurons. The retinoids they 
produce then contribute to the differentiation of later born LMCl motor neurons, which in turn 
begin expressing RALDH2 themselves. I examined the expression of Isl1 after retrograde Rh-Dex 
injection into the intrinsic hand and intrinsic foot muscles at e14.5 and found that after tracer 
injection into either muscle, all labeled motor neurons expressed Isl1 (Figure 5.4D). I next asked 
whether the absence of RALDH2 in digit-innervating motor neurons could be caused by lower 
levels of FoxP1 expression. However, intrinsic hand and intrinsic foot motor neurons express 
FoxP1 at comparable levels to rostral brachial and lumbar LMC motor neurons (Figure 5.4F). 
Thus, digit-innervating motor neurons represent a distinct category of FoxP1+;Isl1+  LMC motor 
neurons that fail to express RALDH2.  
 
 I next examined the expression of the retinoic acid binding proteins CRABP1 and CRABP2 
in spinal motor neurons. The genetic screen revealed that Crabp2 is expressed ubiquitously in 
LMC motor neurons at embryonic stages, but restricts to digit-innervating motor neurons by p0. 
To confirm the specificity of CRABP2 expression, I injected CTB-555 into the intrinsic hand and  









Figure 5.4 Digit-innervating motor neurons do not express RALDH2 
(A) RALDH2+ motor neurons are not labeled after tracer injection into the intrinsic hand and 
intrinsic foot muscles at p0 and e14.5. (B) Rostral LMC expresses RALDH2 by e11.5. (C) 
Cpne4+ intrinsic hand and intrinsic foot motor neurons do not express RALDH2 at e12.0. (D) 
Isl1+ motor neurons are labeled after Rh-Dex injection into the intrinsic hand and intrinsic foot 
muscles. (E) Scip+ motor neurons do not express RALDH2 at brachial levels at e12.5. (F) Digit-
innervating motor neurons express FoxP1 at equivalent levels as the rostral LMC (n = 3 animals 
> 25 motor neurons). Scale bars represent 50 µm. 
 
  




intrinsic foot muscles at p0 and found that all labeled motor neurons expressed CRABP2 (Figure 
5.5A). CRABP2 expression was largely restricted to these intrinsic hand and foot motor neurons, 
with the few unlabeled CRABP2+ LMC motor neurons likely representing incomplete tracer 
labeling. I next performed in situ hybridization experiments to determine the expression of Crabp1 
in the spinal cord. Whereas Crabp2 is expressed in all LMC motor neurons at embryonic stages, 
Crabp1 appears to be expressed primarily in non-motor neuron cell types (Figure 5.5B). In situ 
hybridization combined with antibody staining revealed that Crabp1 is not expressed in LMC 
motor neurons, as marked by either RALDH2 or FoxP1 expression (Figure 5.5C). Taken together, 
these results suggest that digit-innervating motor neurons express CRABP2 and not RALDH2 
throughout their development, whereas the rest of the LMC continuously expresses RALDH2 and 
expresses CRABP2 only at early embryonic stages (Figure 5.5D).  
 
 In order to assess whether digit-innervating motor neurons engage in retinoic acid 
signaling, I first examined the pattern of reporter expression in the embryonic spinal cords of 
RARE-hsp68-LacZ mice. Reporter RARE-lacZ mice have been previously reported to show 
stronger retinoid-responsive signaling at brachial and lumbar levels of the spinal cord than thoracic 
levels, but not to reveal differences in signaling between neuronal subtypes at LMC levels (Rubin 
and LaMantia, 1999; Vermot et al., 2005). Similarly, I also failed to observe distinct patterns of 
RARE-lacZ expression in RALDH2+ limb-innervating motor neurons, instead noting a nonspecific 
glial pattern of expression that was present at every rostrocaudal level of the spinal cord (Figure 
5.6). There appeared to be slightly less overall RARE-lacZ reporter activity at caudal brachial and 
caudal lumbar  levels, but this finding is difficult to interpret given the presence of reporter activity 
at thoracic levels. Taken together, it is difficult to draw conclusions about which neuronal subtypes 









Figure 5.5 Digit-innervating motor neurons selectively maintain CRABP2 expression 
(A) CRABP2+ motor neurons are labeled selectively after CTB-555 tracer injection into intrinsic 
hand and intrinsic foot muscles at p0. (B) Crabp1 and Crabp2 have distinct patterns of expression 
at e13.5. Crabp2 is expressed in all LMC motor neurons embryonic stages. (C) Crabp1 is excluded 
from LMC motor neurons. (D) Summary of RALDH2, CRABP2 and CRABP1 expression in 
motor neurons. Scale bars represent 50 µm. 
 







Figure 5.6 RARE-LacZ reporter activity in embryonic spinal cord 
βgal expression in e13.5 RARE-LacZ spinal cord at brachial, thoracic and lumbar rostrocaudal 
levels.  
 




engage in retinoic acid signaling based on the expression of RARE reporter activity. 
 
 I also examined the expression of other retinoic acid synthesis genes, receptors and 
degrading enzymes in the developing spinal cord. I noted that the two other retinoic acid synthesis 
genes, Aldh1a1 and Aldh1a3, are not expressed in the spinal cord, suggesting that digit-innervating 
motor neurons are not making retinoic acid using another synthetic enzyme (Figure 5.7A). Retinoic 
acid signaling requires the expression of an RAR/RXR heterodimer, so I evaluated the embryonic 
spinal cord expression pattern of each RAR and RXR receptor. Consistent with previous results, I 
did not observe any motor neuron expression of RARα or RARγ in spinal cord cross sections (Figure 
5.6B; Colbert et al., 1995; Mollard et al., 2000). In contrast, the three RXRs were all expressed 
throughout the spinal cord at high levels, with RXRα exhibiting particularly strong expression in 
the ventral horn (Figure 5.7B). I did observe RARβ expression in spinal motor neurons at all levels 
of the spinal cord, although only in the most ventral LMC motor neurons (Figure 5.7C). Given the 
variety of signaling mechanisms mediated by RARs and RXRs, these results suggest that the 
pattern of RAR and RXR expression is not sufficient in and of itself to predict whether or not spinal 
motor neurons engage in retinoic acid signaling.  
 
 I order to examine whether digit-innervating motor neurons degrade retinoic acid, I 
examined the expression pattern of Cyp26B1, the CYP degrading enzyme expressed in the 
developing spinal cord. Cyp26B1 is strongly expressed at thoracic spinal levels in e13.5 embryos, 
but is not expressed at any limb-innervating level, including at the caudal brachial and lumbar 
levels  that  contain  digit-innervating  motor neurons  (Figure 5.7D).  Although  Cyp26A1  and  






Figure 5.7 Retinoic acid synthetic enzyme, receptor and degrading enzyme expression 
(A) Aldh1a1 and Aldh1a3 are not expressed in the spinal cord at e13.5. (B) RARα and RARγ are 
not expressed in spinal motor neurons at e13.5. RXRs are ubiquitously expressed in the 
embryonic spinal cord. (C) RARβ is expressed in spinal motor neurons, but does display an 
obvious selectivity for LMC motor neurons. (D) Cyp26B1 is expressed in the thoracic spinal 








Cyp26C1 are not expressed in the developing spinal cord, it remains possible that other P450 
enzymes engage in retinoid degradation in digit-innervating motor neurons. Nevertheless, these 
results suggest that if digit-innervating motor neurons degrade retinoic acid, they must use distinct 
mechanisms from those employed in the thoracic spinal cord.  
 
Intrinsic hand and foot motor neurons engage limb-dependent BMP signaling 
 
 Given the abundance of BMPs both in dorsal spinal cord and the distal limb bud, I 
considered whether digit-innervating motor neurons engage in BMP/pSMAD signaling, a process 
that might also explain the selective patterns of gene expression found in digit-innervating motor 
neurons.  To test this, I injected Dex-biotin into the intrinsic hand and intrinsic foot muscles at 
e14.5 and found that nearly all the labeled motor neurons expressed pSMAD using an antibody 
that recognizes phosphorylated SMAD1/5/8 (Figure 5.8). In contrast, intrinsic hand and foot motor 
neurons do not express nNOS, a marker that is selective for PGCs.   
 
 I next sought to determine when digit-innervating motor neurons first engage in pSMAD 
signaling. If digit-innervating motor neurons express pSMAD at early embryonic stages, it might 
indicate that this pathway contributed to their initial specification and expression of pool-specific 
genes. I found that intrinsic hand motor neurons, as defined by Cpne4, Fign and dorsal Scip 
expression, first expressed pSMAD at e12.5 (Figure 5.9). In contrast, the more ventrally positioned 
Scip+ forearm flexor motor neurons did not express pSMAD. Intrinsic foot motor neurons, defined 
by Cpne4, Fign and Scip expression, first expressed pSMAD 24 hours later, at e13.5. At both of 
these ages, not  all intrinsic  hand or foot  motor neurons  expressed pSMAD, suggesting  that  the  














Figure 5.8 Intrinsic hand and foot motor neurons express pSMAD 
pSMAD+ motor neurons are labeled by tracer injection into intrinsic hand and intrinsic foot 
muscles at e14.5. nNOS+ PGC motor neurons are not labeled. Scale bars represent 50 µm. 
  






Figure 5.9 pSMAD expression in digit-innervating motor neurons correlates with timeline 
of axon outgrowth 
Intrinsic hand motor neurons, as defined by Cpne4, Fign and dorsal Scip expression, express 
pSMAD by e12.5. Ventrally positioned Scip+ forearm flexor motor neurons do not express 
pSMAD. Intrinsic foot motor neurons, defined by Cpne4, Fign and Scip expression, express 
pSMAD by e13.5. The timing of pSMAD expression onset in intrinsic hand and foot motor 
neurons correlates with the timing of axon outgrowth in the limb, as axons first invade the 
developing hand at e12.5, whereas the initial innervation of the developing foot is delayed by 








number of motor neurons expressing pSMAD increases from e12.5-e14.5. Intriguingly, the timing 
of pSMAD expression onset in intrinsic hand and foot motor neurons correlates with the timing of 
axon outgrowth in the limb. Axons first invade the developing hand at e12.5 and fully arborize 
within the intrinsic hand muscles by e14.5, whereas the initial innervation of the developing foot 
is delayed by approximately 12-24 hours (Petrinovic et al., 2010; Shu et al., 2009). Thus, digit-
innervating motor neurons acquire specific marker expression prior to the onset of pSMAD 
signaling. 
 
 The observation that the induction of pSMAD expression correlates with the timing of axon 
outgrowth in the distal limb raised the question of whether the source of pSMAD signaling is from 
local BMPs in the dorsal spinal cord or from BMPs retrogradely transported from the limb. To 
address this, I performed limb ablation experiments in chick, a system which more easily allows 
embryonic manipulations. Although chickens have undergone evolutionary digit loss at forelimb 
levels, with wings containing three rather than five digits, these digits are controlled by innervated 
muscles (Hollyday and Jacobson, 1990; Straznicky and Tay, 1983). Scip and Fign are expressed 
at both forelimb and hindlimb levels in chick, and Scip+ and Fign+ motor neurons at L5 occupy 
the stereotyped dorsal position of intrinsic foot motor neurons (Figure 5.10A). As in mouse, 
intrinsic foot motor neurons express pSMAD. In contrast, chick Cpne4 does not display the pool 
specificity found in mouse (Figure 5.10B).  Thus, Scip and Fign represent appropriate markers of 
digit-innervating motor neurons in chick.  
 
 I performed unilateral hindlimb ablations in chick embryos at stage 18, prior to the onset 
of limb innervation, and permitted the embryos to develop until stage 28, prior to the peak period 




of motor neuron cell death (Calderó et al., 1998; Tosney and Landmesser, 1985). After unilateral 
hindlimb removal, Scip+ and Fign+ intrinsic foot motor neurons were present in comparable 
numbers to the non-ablated side, but no longer expressed pSMAD (Figure 5.11A). Hindlimb 
ablation did not eliminate RALDH2 expression at rostral lumbar levels, or ectopically induce 
RALDH2 expression at caudal lumbar levels (Figure 5.11B). These results suggest that 
BMP/pSMAD signaling in digit-innervating motor neurons is induced by limb-derived cues at 
later stages of their differentiation, and are thus not involved in initial aspects of their specification 
such as the expression of selective markers. Moreover, limb-derived cues cannot explain the 
absence of RALDH2 in digit-innervating motor neurons, as they fail to express RALDH2 in the 















Figure 5.10 Digit-innervating motor neuron marker expression in chick 
(A) Scip+ and Fign+ motor neurons occupy a stereotyped dorsal position within the LMC at 
caudal lumbar levels in chick spinal cord at stage 28-32. Scip+ and Fign+ motor neurons also 
express pSMAD in chick. (B) Chick Cpne4 does not display a selective pattern of expression in 
digit-innervating motor neurons.  
 
  









Figure 5.11 Limb ablation disrupts pSMAD expression in digit-innervating motor 
neurons 
(A) Right hindlimb ablation at stage 18 disrupts expression of pSMAD in right intrinsic foot 
motor neurons at stage 28. (B) Right hindlimb ablation does not disrupt pattern of RALDH2 
expression at L3 or ectopically induce RALDH2 expression at L5. Scale bar represents 50 µm 











 In this chapter, I show that digit-innervating motor neurons engage retinoic acid signaling 
pathways differently than other limb-innervating motor neurons, as they fail to synthesize retinoic 
acid and instead persistently express the retinoic acid binding protein CRABP2. I also show that 
these motor neurons, unlike other limb-innervating motor neurons, engage in BMP signaling as 
well, expressing the marker of activated BMP signaling, pSMAD. The BMP ligands that activate 
signaling in digit-innervating motor neurons originate in the limb, as pSMAD expression correlates 
with axon outgrowth and is lost following limb ablation. These results suggest that digit-
innervating motor neurons engage divergent cell signaling pathways that may explain their 
distinctive pattern of gene expression.  
 
Intrinsic and extrinsic factors in patterning digit-innervating motor neurons 
 
 Motor pool specification occurs in two main phases. This first phase confers aspects of 
motor neuron identity involved in the selection of target muscle connectivity and is mediated by 
Hox-dependent transcriptional programs and local retinoic acid signaling. The second phase 
determines later aspects of motor pool differentiation such as pool clustering, dendritic 
arborization and muscle-specific patterns of axonal innervation and is mediated by limb-derived 
cues after motor axons have reached their muscle targets.  
 
 My results suggest that digit-innervating motor neurons may differ from proximal limb-
innervating motor neurons in both of these stages. The majority of LMC motor neurons express 
both FoxP1 and RALDH2.  Digit-innervating motor neurons express FoxP1 at levels comparable 




to other LMC motor neurons, but do not produce retinoic acid. Intriguingly, all intrinsic hand and 
foot innervating motor neurons appear to be Isl1+, despite the fact that Isl1 expression typically 
restricts to those motor pools that innervate ventral muscles. Most intrinsic muscles of the hands 
and feet derive from the ventral limb mass, so it is possible that my analysis overlooked a smaller 
subset of motor neurons corresponding to dorsal intrinsic hand and foot muscles. However, the 
expression of Isl1 is also dependent on the expression of RALDH2, which is absent in these motor 
neurons. Thus, it is possible that the expression of Isl1 in these motor neurons may not correspond 
to typical medial and lateral motor column subdivisions.  
 
 A remaining question is why digit-innervating motor neurons fail to express RALDH2 
even though they express FoxP1 at equivalent levels to the rest of the LMC. A likely explanation 
is that although FoxP1 expression is necessary for RALDH2 expression in LMC motor neurons, 
it is not sufficient to induce it by itself. Instead, FoxP1 dependent induction of RALDH2 depends 
on the ongoing contribution of Hox activity. Blocking the expression of brachial Hoxc6 while 
maintaining high levels of FoxP1 results in a loss of RALDH2 in LMC motor neurons, suggesting 
that the FoxP1 mediated activation of RALDH2 is dependent on the particular Hox context (Dasen 
et al., 2008). The role of Hox proteins in the specification of digit-innervating motor neurons, and 
their role in the absence of RALDH2 expression, will be explored in the next chapter.  
 
 Digit-innervating motor neurons also differ from other limb-innervating motor neurons in 
the way they engage extrinsic limb-derived signaling pathways.  BMP/pSMAD signaling is 
initiated in these motor neurons upon axonal innervation of the limb, well after their initial 
specification. It is thus likely that if pSMAD signaling has a role in the development of digit-




innervating motor neurons, it is involved in later aspects of their differentiation. In trigeminal 
sensory neuron development, retrograde BMP/pSMAD signaling is involved in the upregulation 
of subtype specific transcription factors (Hodge et al., 2007). It is possible that retrograde signaling 
has a similar role in the development of digit-innervating motor neurons, coordinating the 
expression of the numerous late-onset genes that turn on in this population later in embryonic 
development. It might also be involved in other aspects of motor neuron survival, maintenance 
and differentiation, as digit-innervating motor neurons have the longest axons of any limb-
innervating motor neurons and thus face greater metabolic demands.  
 
 Parsing the role of BMP/pSMAD signaling in digit-innervating motor neurons presents 
several challenges. While limb ablation is useful for assessing the short-term consequences of 
removing limb-derived cues, it is a problematic strategy for assessing the long-term developmental 
consequences of pSMAD signaling disruption, as it also disrupts trophic signaling from the 
periphery necessary for motor neuron survival. A more direct experimental approach would be to 
examine mutant mice in which BMP or SMAD protein function is selectively disrupted. However, 
it is unclear which BMP ligand is likely to contribute to pSMAD signaling in digit-innervating 
motor neurons, as many are expressed in the developing autopod. Eliminating single BMP ligands 
may have little effect, as other BMP ligands may contribute in a compensatory fashion. Disrupting 
pSMAD signaling presents a similar dilemma of redundancy, as BMP signals through SMAD 1, 
SMAD 5, and SMAD 8. Thus, parsing the role of BMP/pSMAD signaling in digit-innervating 
motor neurons may require the examination of mutants in which several of these genes are 
perturbed at the same time. 
 




Do digit-innervating motor neurons engage in retinoid signaling? 
 
Retinoic acid can signal in an autocrine or paracrine fashion, and motor neuron 
development is shaped both by locally produced retinoids and by retinoids that they synthesize 
themselves.  It thus remains to be determined whether digit-innervating motor neurons, which do 
not synthesize retinoic acid, engage in retinoic acid signaling. One possibility is that digit-
innervating motor neurons do not synthesize retinoids, but engage in retinoic acid signaling by 
responding to retinoids secreted by neighboring motor neurons. The other possibility is that digit-
innervating motor neurons do not engage in retinoic acid signaling.  
 
 The expression patterns of retinoic acid receptors, degrading enzymes and binding proteins 
may provide insight into how digit-innervating motor neurons respond to retinoids. In order to 
engage in retinoic acid signaling, cells must express receptors that bind retinoids and mediate 
transcription. The pattern of retinoic acid receptor expression, however, does not immediately 
reveal which neurons are engaging in retinoic acid signaling during spinal cord development. 
RXRs are expressed ubiquitously in the developing spinal cord, so the pattern of RAR expression 
theoretically should dictate which neurons are capable of forming the RAR/RXR heterodimers 
necessary for mediating signaling. However, RARβ, the only RAR with expression detectable by 
in situ hybridization in embryonic spinal, does not appear to be expressed uniformly in RALDH2+ 
LMC motor neuron, a finding consistent with previous results (Vermot et al., 2005).  
 
One explanation for this discrepancy is that RARs bind all-trans retinoic acid with high 
affinity, so low levels of RARβ undetected by in situ hybridization may nevertheless be sufficient 




for mediating heterodimer formation and transcription. Another possibility is that motor neurons 
also engage retinoic acid signaling through RXR dominant pathways that do not involve RARE 
binding domains. However, both RARβ expression and RARE-lacZ reporter activity are diminished 
in RALDH2 mutants, suggesting that motor neuron retinoic acid signaling does involve 
RAR/RARE dependent pathways, at least to some degree (Vermot et al., 2005). 
 
CYP degrading enzymes offer another clue to how motor neurons engage retinoic acid 
signaling. The thoracic spinal cord expresses CYP26B1 at high levels and has low RARE-lacZ 
reporter activity, suggesting that degrading enzymes help to protect thoracic neurons from local 
retinoids. The failure of digit-innervating motor neurons to express CYP26B1 could indicate that 
they do not require such protection from local retinoids. It could also indicate, though, that digit-
innervating motor neurons require an intermediate level of retinoid acid signaling, in between the 
high levels of RALDH2+ rostral LMC motor neurons and the low levels of CYP26B1+ thoracic 
neurons.  
 
The last source of insight into the retinoic acid signaling mechanisms of motor neuron 
subtypes is the pattern of CRABP expression. CRABP1 is excluded from the LMC, whereas 
CRABP2 is initially expressed in the entire LMC, but later restricts to digit-innervating motor 
neurons. The pattern of CRABP1 expression is consistent with previous reports that it mediates 
retinoic acid degradation. In contrast, the pattern of CRABP2 expression does not directly indicate 
whether it is involved in retinoic acid degradation or translocation to the nucleus.  
 




 If CRABP2 is mediating retinoic acid signaling, it would indicate that all LMC motor 
neurons, including digit-innervating motor neurons, engage in retinoic acid signaling during 
embryonic development. CRABP2 expression in digit-innervating motor neurons would allow 
them to respond to retinoic acid being produced by neighboring motor neurons. But if CRABP2 is 
mediating retinoic acid signaling, why is it downregulated throughout the LMC even as these 
neurons continue to express RALDH2? And why is it maintained in digit-innervating motor 
neurons? If CRABP2 is facilitating retinoic acid signaling, it would indicate that proximal LMC 
motor neurons only engage in retinoic acid signaling early in embryonic development, whereas 
digit-innervating motor neurons require retinoids throughout their development. This scenario 
seems unlikely, as it makes little sense that digit-innervating motor neurons would express 
CRABP2 to engage retinoic acid signaling throughout their development, yet fail to synthesize 
retinoids themselves.  
 
 An alternative scenario is that CRABP2 is mediating retinoid acid degradation in this 
context. Given that LMC motor neurons do not express CYP degrading enzymes at detectable 
levels, such degradation would most likely serve to buffer the level of retinoids within each neuron 
rather than eliminate them completely. For proximal LMC motor neurons that synthesize retinoids, 
CRABP2 buffering would have little effect on downstream retinoid signaling. But for digit-
innervating motor neurons that do not synthesize retinoids, the expression of CRABP2 might serve 
to protect them from exogenous retinoids. It makes sense to maintain the expression of CRABP2 
if it serves to degrade retinoic acid and if the development of digit-innervating motor neurons 
requires the exclusion of retinoid signaling. 
 




 Taken together, it is difficult to parse based on the expression of receptors, binding proteins 
and degrading enzymes whether digit-innervating motor neurons engage in retinoic acid signaling. 
One way to test whether retinoid signaling shapes the specification of digit-innervating motor 
neurons is to experimentally manipulate retinoid signaling in the developing spinal cord through 
the expression of constitutively active and dominant negative retinoic acid receptors. The 
contribution of retinoid signaling to digit-innervating motor neuron specification will be addressed 
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 The observation that digit-innervating motor neurons can be distinguished from other limb-
innervating motor neurons in that they do not make retinoic acid raises the issue of how retinoid 
signaling contributes to their development. It also raises the question of how Hox genes contribute 
to the specification of digit-innervating motor neurons, as both FoxP1 and Hox activity is 
necessary for determining the expression of RALDH2 (Dasen et al., 2008). In this chapter, I 
demonstrate that both Hoxc8 and Hoxc9 are necessary for the specification of digit-innervating 
motor neurons at forelimb levels, and argue that the expression of Hoxc9 in these motor neurons 
may explain why they do not make RALDH2. I also show that the constitutive induction of retinoid 
signaling blocks the development of digit-innervating motor neurons, suggesting that the absence 
of retinoid signaling in these neurons contributes to their specification.  
 
Retinoic acid and Hox signaling are interdependent 
 
 As discussed in the previous section, retinoids mediate the proliferation and specification 
of motor neurons at various stages of their development. At early stages of spinal cord patterning, 
mesodermal retinoids mediate the proliferation of motor neuron progenitors (Liu et al., 2001; 
Novitch et al., 2001; Sockanathan and Jessell, 1998). Mesodermal retinoids also contribute to the 
initial pattern of Hox expression at rostral levels of the spinal cord, while FGFs contribute to Hox 
expression at more caudal levels (Dasen and Jessell, 2009). Exposing chick spinal cord explants 
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to either cervical level paraxial mesoderm or exogenous retinoids upregulates the expression of 
Hoxc5 and Hoxc6 and downregulates the expression of more caudal Hox genes such as Hoxc8 and 
Hoxc9 (Liu et al., 2001). Conversely, caudal gradients of FGF downregulate expression of Hoxc5 
and upregulate expression of Hoxc8 (Dasen et al., 2003; Liu et al., 2001). The boundaries of Hox 
expression at this stage help to establish motor neuron columnar identity (Dasen et al., 2003).  
 
 Ongoing Hox activity subsequently has a reciprocal role in inducing the expression of 
RALDH2 in LMC motor neurons. Blocking the expression of brachial Hoxc6 while maintaining 
high levels of FoxP1 results in a loss of RALDH2 in LMC motor neurons, suggesting that FoxP1 
is not sufficient to act as a Hox intermediary that is capable in and of itself of inducing the 
expression of RALDH2 (Dasen et al., 2008). Instead, the FoxP1 mediated activation of RALDH2 
appears to be dependent on the particular Hox context.  
 
 Retinoic acid has a second role in the divisional specification of post-mitotic LMC motor 
neurons, which is mediated both by mesodermal retinoids and retinoids produced by the LMC 
motor neurons themselves (Sockanathan and Jessell, 1998; Sockanathan et al., 2003). At these 
later stages of LMC motor neuron specification, it is unclear whether ongoing retinoid signaling 
continues to shape the pattern of Hox expression. Conditional elimination of RALDH2 in brachial 
motor neurons with a Rarb::Cre driver line results in decreased expression of Hoxc6 and a caudal 
expansion of Hoxc8 expression, consistent with a rostralizing role of retinoid signaling (Vermot 
et al., 2005). Paradoxically, conditional knockdown of RALDH2 expression in post-mitotic motor 
neurons with an Isl1::Cre driver line reduces the total number of Hoxc8+ motor neurons and 
decreases the levels of Hoxc8 expression in LMC motor neurons (Ji et al., 2006). It is difficult 
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based on these conflicting results to disentangle how ongoing retinoid signaling shapes Hox 
expression and the establishment and maintenance of divisional specification. 
 
 Taken together, these studies indicate that retinoid and Hox signaling are highly 
interdependent, with retinoids regulating the initial expression of Hox genes, and Hox activity 
regulating the production of retinoids.  
 
Hox genes coordinate the specification of motor neuron subtypes 
 
 Hox genes direct post-mitotic spinal motor neurons to different subtype identities, thus 
controlling the expression of downstream divisional markers and subsequent target innervation 
(Dasen et al., 2005). In limb-innervating motor neurons, the coordination of Hox expression 
requires the activity of the conserved DNA binding cofactor FoxP1. Most vertebrates have 39 Hox 
genes distributed across four clusters, referred to as Hoxa, Hoxb, Hoxc, or Hoxd (Figure 6.1A; 
McGinnis and Krumlauf, 1992; Philippidou and Dasen, 2013). Hox genes within a cluster are 
classified as belonging to one of 13 paralog groups (Hox1–Hox13), although a single cluster 
contains only a subset of the 13 groups. Hox genes are expressed in discrete rostrocaudal domains 
within the hindbrain and spinal cord. Hox1-Hox5 are expressed in the hindbrain, Hox4-Hox8 are 
expressed at brachial levels of the spinal cord, Hox8-Hox9 genes are expressed at thoracic levels 
and Hox10-Hox13 are expressed at lumbar levels.  
 
 One challenge of isolating the role of individual Hox genes in nervous system development 
is  that Hox  expression is  temporally  dynamic,  and  may thus  contribute to  different aspects of  




Figure 6.1 Hox genes direct motor neuron specification 
(A) In vertebrates, 39 Hox genes distributed across 4 clusters are expressed in discrete rostrocaudal 
domains within the hindbrain and spinal cord. Color coding of Hox genes represents expression 
domains along the rostrocaudal axis. (B) Mutations in Hox5–Hox10 genes result in transformation 
or reduction of distinct motor columns. PMC, phrenic motor column; LMC, lateral motor column; 
HMC, hypaxial motor column; PGC, preganglionic motor column; MMC, medial motor 
column.Hox5 genes determine PMC development. Hoxc6 and Hoxc8 genes define aspects of LMC 
identity at brachial levels. Hoxc9 determines thoracic motor neuron identities. Hox10 genes define 
aspects of LMC identity at lumbar levels. In FoxP1 mutant mice, all LMC Hox-dependent 
programs are disrupted. Adapted from (Philippidou and Dasen, 2013). 
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neuronal specification and development at various developmental stages. Moreover, Hox genes 
can compensate for one another across paralog groups and engage in many cross-regulatory 
interactions. Nevertheless, the contribution of Hox genes to the specification of limb-innervating 
motor neurons has been studied in detail, particularly at brachial levels.  
 
 At rostral brachial levels, cross-repressive interactions between Hox5 and Hox8 establish 
the boundary between defined motor pools. Hox5 genes (Hoxa5 and Hoxc5) are required to 
generate motor neurons in the phrenic motor column (PMC) that innervate the diaphragm in 
mammals, as well as Runx1+ LMC motor neurons that innervate the scapulohumeralis muscle in 
chick (Dasen et al., 2005; Philippidou et al., 2012). Hox6 genes are expressed in the majority of 
rostral LMC motor neurons, and both Hoxc6 single and Hoxc6/Hoxa6 double mutants have fewer 
motor neurons within the rostral brachial LMC (Lacombe et al., 2013). More specifically, loss of 
Hoxc6 disrupts the formation of Pea3+ motor neurons that innervate the latissimus dorsi and 
cutaneous maximus muscles (Dasen et al., 2005; Lacombe et al., 2013). In contrast, the number of 
LMC motor neurons at caudal brachial levels is preserved in Hoxc6 mutants, as the formation of 
Scip+ motor neurons projecting to forearm flexor and intrinsic hand muscles is unaffected. 
Similarly, expanded expression of Hoxc6 increases the number of Pea3+ motor neurons and 
represses the number of Scip+ motor neurons (Dasen et al., 2005). Thus, Hoxc6 is necessary for 
Pea3, but not Scip, motor pool specification. 
  
 Hoxc8 in turn contributes to the specification of more caudal LMC motor pool identities. 
Hoxc8 expression overlaps with that of Hoxc6 at caudal LMC levels, but extends further to rostral 
thoracic levels. Hoxc8 activity is necessary for the specification of both Pea3+ and Scip+ motor 
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pools (Catela et al., 2016; Dasen et al., 2005; Vermot et al., 2005). Because Pea3+ motor neuron 
specification requires both Hoxc6 and Hoxc8, ectopic expression of Hoxc8 at rostral brachial 
levels, where Hoxc6 is endogenously expressed, is sufficient to induce ectopic Pea3+ motor 
neurons (Dasen et al., 2005). However, the expression of Hoxc8 alone is not sufficient to induce 
Scip+ motor neurons, and thus requires the contribution of additional Hox genes (Dasen et al., 
2005).  
 
 Hoxc9, which is expressed at thoracic levels, represents a possible gene that may contribute 
to the specification of Scip+ motor neurons that project to the distal forearm and hand. Hoxc9 
contributes to the specification of thoracic motor neurons, and mutants for his gene lack PGC and 
HMC motor neurons (Jung et al., 2010). However, because Hoxc9 engages in cross-repressive 
activities with other Hox genes, loss of Hoxc9 also results in a derepression of Hox4-Hox8 paralog 
group activity and an expansion of brachial LMC motor neurons into the thoracic spinal cord, 
where they are directed to intercostal muscles. Intriguingly, although Pea3+ motor neurons are 
maintained at brachial levels in Hoxc9 mutants and continue to project to the cutaneous maximus, 
fewer Scip+ motor neurons remain at caudal brachial levels. Moreover, axonal projections to the 
intrinsic hand are lost in Hoxc9 mutants, suggesting that the remaining Scip+ motor neurons are 
likely to be those projecting to forearm flexor muscles.  Taken together with the observation that 
Scip+ motor neurons express low levels of Hoxc9, these results suggest that Hoxc9 may contribute 
to intrinsic hand motor neuron specification. Conversely, ectopic expression of Hoxc9 at brachial 
levels represses Hox4-Hox8 expression, blocks the expression of both FoxP1 and RALDH2 and 
results in a loss of Pea3+ motor neurons (Dasen et al., 2003, 2008; Jung et al., 2010).   
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 The contribution of Hox10 genes to the specification of LMC motor neurons at lumbar 
levels is less well understood. The combined loss of Hoxc10 and Hoxd10 redirects lumbar motor 
neurons to a thoracic fate  (Wu et al., 2008). In contrast, loss of Hox6 at brachial levels results in 
a reduced LMC, rather than thoracic transformation, suggesting distinct mechanisms for lumbar 
LMC specification. Loss of individual Hox10 genes have a similar, but less severe, effect 
indicating a collaborative role of Hox10 genes in lumbar motor neuron specification (Hostikka et 
al., 2009; Wu et al., 2008). However, the combinatorial contributions of individual Hox genes to 






Hoxc8 and Hoxc9 coexpression is sufficient to induce digit-innervating motor neurons at 
brachial levels 
 
 In order to examine the contribution of Hox genes to the specification of digit-innervating 
motor neurons, I decided to focus on their role at forelimb levels, where the expression of Hox 
genes is better defined. I first assessed the normal pattern of Hox expression in defined motor pools 
at forelimb levels. Pea3 is expressed in two pools, a medial Isl1+ pool which projects to the 
cutaneous maximus (CM) and a lateral pool which projects to the latissimus dorsi (Dasen et al., 
2005). Scip is expressed in motor neurons projecting to both forearm flexor (FF) and intrinsic hand 
(IH) muscles, whereas Cpne4 and Fign are restricted to motor neurons projecting to intrinsic hand 
muscles.  
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 Pea3+ motor neurons are found from C6-C8, whereas Scip+, Cpne4+ and Fign+ motor 
neurons are found from C8-T1 (Figure 6.2B). Hoxc8 is expressed in caudal LMC and rostral 
thoracic segments, and both Pea3+ and Scip+ motor neurons express high levels of Hoxc8 (Figures 
6.2C and 6.2E). Hoxc9 is expressed at low levels in dorsal regions of the caudal LMC and more 
uniformly in the spinal cord at thoracic levels (Figure 6.2D).Consequently, ventrally positioned 
Pea3+ motor neurons do not express Hoxc9 at C8, whereas more dorsally positioned Scip+ motor 
neurons express Hoxc9 at the same spinal level (Figures 6.2D and 6.2F). The levels of Hoxc9 in 
Scip+ motor neurons do not vary from C8 to T1, but are nevertheless lower than the levels of Hoxc9 
found in PGC motor neurons at thoracic levels (Figures 6.2F and 6.2G). Thus, digit-innervating 
motor neurons at forelimb levels express low levels of Hoxc9.  
 
 Previous work has indicated that loss of Hoxc9 leads to a selective reduction in Scip+ motor 
neurons at caudal brachial levels and a loss of innervation to the intrinsic hand muscles (Jung et 
al., 2010). I thus sought to address how loss of Hoxc9 affects the expression of Cpne4 and Fign, 
whose expression is restricted at forelimb levels to intrinsic hand motor neurons. I first examined 
the expression of these motor pools at their normal brachial position. I confirmed that Pea3+ motor 
neurons are maintained at brachial levels in Hoxc9 mutants, whereas Scip+ motor neurons are 
reduced at caudal brachial levels, a finding consistent with previous reports (Figures 6.3D and 
6.3E; Jung et al., 2010). However, while some Scip+ motor neurons remain at C8-T1 in Hoxc9 
mutants, Cpne4+ and Fign+ motor neurons are completely absent at these segments (Figures 6.3F 
and 6.3G). The remaining Scip+ motor neurons may be those that normally project to forearm 
flexor muscles. Taken together, these results suggest that Hoxc9 contributes to digit-innervating  





Figure 6.2 Hoxc8 and Hoxc9 expression in brachial motor pools 
(A) Organization of Hox proteins, motor columns and pools. At brachial levels, Pea3+ motor 
neurons project to the cutaneous maximus (CM) muscle and latissimus dorsi muscle (not 
shown). Scip+ motor neurons project to forearm flexor (FF) muscles and intrinsic hand (IH) 
muscles. Cpne4+ and Fign+ motor neurons project to the intrinsic hand (IH) muscles. (B) 
Rostrocaudal distribution of Pea3+, Scip+ and Cpne4/Fign+ motor neurons at brachial levels. 
Error bars represent SEM from >3 animals. (C and D) Expression of Hoxc8 (C) and Hoxc9 (D) 
in Pea3+ and Scip+ motor pools at defined rostrocaudal levels. (E) Pea3+ and Scip+ motor neurons 
express similar levels of Hoxc8 (E-G: n = 3 animals, 25-50 motor neurons). (F) Scip motor 
neurons at both C8 and T1 express higher levels of Hoxc9 than Pea3+ motor neurons (p < 0.001, 
Mann-Whitney Rank Sum Test). (G) Scip+ motor neurons express Hoxc9 at lower levels than 
thoracic PGC motor neurons (p < 0.001, Mann-Whitney Rank Sum Test). 
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Figure 6.3 Loss of brachial digit-innervating motor neurons in Hoxc9 mutant 
(A) Loss of Hoxc9 protein at thoracic levels in Hoxc9 mutants at e12.5. (B) Summary of 
reorganization of Hox expression in Hoxc9 mutant. From (Jung et al., 2010) (C) In the absence 
of Hoxc9, FoxP1+ motor neurons extend into the thoracic segment. Quantification of FoxP1+ 
motor neurons along the rostrocaudal axis shown at right. Error bars in all panels represent SEM 
from 3 animals. (D) Pea3+ motor neurons are maintained at brachial levels in Hoxc9 mutants 
and are ectopically induced at thoracic levels. (E) Scip+ motor neurons are reduced at caudal 
brachial levels in Hoxc9 mutants and are ectopically induced at thoracic levels. (F and G) Cpne4+ 
and Fign+ motor neurons are lost at caudal brachial levels in Hoxc9 mutants and are ectopically 
induced at lower levels in the thoracic spinal cord starting at T4. (H and I) Summary of pool 
specific reorganization in Hoxc9 mutants shown in cross section (H) and longitudinal section 
(I). Axonal projections are shown as black arrows based on connectivity changes reported in 
(Jung et al., 2010). At brachial levels, Pea3+ motor neurons are maintained at in Hoxc9 mutants 
and continue to project to cutaneous maximus (CM). In Hoxc9 mutants, projections to the 
intrinsic hand (IH) muscles are lost. Remaining Scip+ motor neurons at caudal brachial levels 
may continue to project to forearm flexor (FF) muscles. At thoracic levels, ectopically produced 
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motor specification, with a perhaps greater role in specifying motor neurons projecting to the 
intrinsic hand muscles.  
 
 I next examined the pattern of motor reorganization at thoracic levels following the loss of 
Hoxc9. As previously reported (Jung et al., 2010), I observed that in Hoxc9 mutant embryos, 
FoxP1+ motor neurons extend into the thoracic segment due to derepression of forelimb level Hox 
activity (Figure 6.3C). Pea3+, Scip+, Cpne4+ and Fign+ motor neurons are all ectopically induced 
at thoracic levels in Hoxc9 mutants (Figures 6.3D-6.3G), although previous work indicates that 
they do not project to forelimb muscles, but are rerouted to intercostal muscles, the normal target 
of thoracic hypaxial motor column (HMC) motor neurons (Jung et al., 2010).  These results suggest 
that other thoracic Hox genes may be able to compensate for the absence of Hoxc9 in specifying 
digit-innervating motor neurons.  
 
 To determine how Hoxc8 and Hoxc9 contribute to digit-innervating motor neuron 
specification, I performed chick neural tube electroporation at stages 14-16, analyzing at stage 28, 
to assess the effects of misexpression of these genes, alone or together. Expression of Hoxc8 at 
rostral brachial levels, where Hoxc9 is not expressed, induced ectopic Pea3+, but not Scip+ or Fign+ 
motor neurons (Figure 6.4A), a finding consistent with previous reports (Dasen et al., 2005). 
Expression of Hoxc9 at rostral brachial levels reduces the number of FoxP1+ motor neurons and 
did not ectopically induce Pea3+, Scip+ or Fign+ motor neurons (Figure 6.4B). However, 
expression of Hoxc8 at thoracic levels, where Hoxc9 is highly expressed, ectopically induced Scip+ 
and Fign+, but not Pea3+ motor neurons. Thus, induction of Scip+ and Fign+ motor neurons 
correlates with the presence of both Hoxc8 and Hoxc9. 




Figure 6.4 Hoxc8 or Hoxc9 expression alone does not induce digit-innervating motor 
neurons 
(A) Expression of Hoxc8 at rostral brachial levels in chick neural tube induces ectopic Pea3+, 
but not Scip+ or Fign+ motor neurons. (B) Expression of Hoxc9 at rostral brachial levels reduces 
the number of FoxP1+ motor neurons and does not ectopically induce Pea3+, Scip+ or Fign+ 
motor neurons. (C) Expression of Hoxc8 at thoracic levels, where Hoxc9 is highly expressed, 
ectopically induces Scip+ and Fign+, but not Pea3+ motor neurons. Error bars in quantification 
panels represent SEM from n > 5 embryos. Scale bar represents 50 µm.  
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 In order confirm the dual role for Hoxc8 and Hoxc9 in digit-innervating motor neuron 
specification at forelimb levels, I performed coelectroporations of Hoxc8 and Hoxc9 constructs. 
After coelectroporation of Hoxc8 and Hoxc9, 76% of the electroporated motor neurons expressed 
both genes, whereas 14% expressed Hoxc8 alone and 10% expressed Hoxc9 alone (Figure 6.5C). 
Coelectroporation of Hoxc8 and Hoxc9 at rostral brachial levels induced a small number of ectopic 
Pea3+ motor neurons, presumably due to the influence of Hoxc8 expression in the absence of 
Hoxc9 (Figure 6.5A). However, a more dramatic increase was observed in the number of ectopic 
Scip+ and Fign+ motor neurons (Figure 6.5A). These ectopic neurons express FoxP1, indicating 
that they are LMC motor neurons (Figure 6.5D). Thus, Hoxc8 and Hoxc9 coexpression is sufficient 
to induce digit-innervating motor neurons at forelimb levels. 
 
 I next examined the effects of Hoxc8 and Hoxc9 coelectroporation at caudal brachial 
levels, where Hoxc8 is normally expressed. Increasing the level of Hoxc9 expression while 
maintaining that of Hoxc8 reduced the number of Pea3+ motor neurons, but maintained the number 
of Scip+ and Fign+ motor neurons (Figure 6.5B). This result suggests that increasing the expression 
of Hoxc9 does not repress digit-innervating motor neuron identity.  
 
 I next sought to address the distal innervation patterns of the digit-innervating motor 
neurons that were ectopically induced at rostral brachial levels following Hoxc8 and Hoxc9 
coelectroporation. This presented several technical challenges, as electroporation of cytoplasmic 
fluorescent tags typically allows visualization only of the most proximal axonal projections  
(Novitch et al., 2003). Moreover, while retrograde tracing is possible from intrinsic hand muscles 
in mouse embryos, chick embryos are significantly larger. Consequently, injections into the most  




Figure 6.5 Hoxc8 and Hoxc9 coexpression induces digit-innervating motor neurons 
(A) Coeletroporation of Hoxc8 and Hoxc9 at rostral brachial levels in chick neural tube induces 
Scip+ and Fign+ motor neurons. A smaller number of Pea3+ motor neurons are also induced. (B) 
Coeletroporation of Hoxc8 and Hoxc9 at caudal brachial levels, where Hoxc8 is expressed at 
high levels, reduces the number of Pea3+ motor neurons but maintains the number of Scip+ and 
Fign+ motor neurons. (C) Percentage of electroporated motor neurons expressing Hoxc8, Hoxc9 
or both following coeletroporation of Hoxc8 and Hoxc9 at rostral brachial levels. 76% of 
electroporated motor neurons express both Hoxc8 and Hoxc9. (D) Ectopic Fign+ motor neurons 
induced following rostral brachial coelectroporation of Hoxc8 and Hoxc9 are FoxP1+ but 
pSMAD-. (E) Summary of pool specific reorganization and presumed connectivity changes 
following coelectroporation of Hoxc8 and Hoxc9. Error bars in quantification panels represent 
SEM from n > 5 embryos. Scale bar represents 50 µm. 
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distal elements of chick embryos result in inefficient central labeling due to the longer length of 
the innervating axons.  
 
 I thus sought to indirectly assess the innervation pattern of the ectopically produced Scip+ 
and Fign+ motor neurons by examining whether they expressed pSMAD. As described in the 
previous chapter, pSMAD is induced in digit-innervating motor neurons at the time their axons 
reach the developing autopod, and is dependent on limb-derived cues. I found that the ectopic 
Scip+ and Fign+ motor neurons induced following rostral brachial coelectroporation of Hoxc8 did 
not express pSMAD, indicating that they had not innervated the intrinsic digit muscles at stage 28, 
the age at which I performed the analysis (Figure 6.5D). One possible explanation for this finding 
is that their axonal projections were rerouted to more proximal muscles. Another possibility is that 
they were still undergoing axonal outgrowth at the time of analysis, and had not yet reached their 
distal targets.  
 
Retinoid induction disrupts digit-innervating motor neurons 
 
 My finding that Hoxc9 contributes to digit-innervating motor neuron identity provides a 
plausible explanation for the absence of RALDH2 in these neurons, as Hoxc9 has been previously 
shown to downregulate expression of RALDH2 (Dasen et al., 2003, 2008; Jung et al., 2010). What 
are the functional consequences of the lack of retinoid production in digit-innervating motor 
neurons? In order to test how retinoid signaling shapes the specification of digit-innervating motor 
neurons, I sought to experimentally manipulate retinoid signaling in the developing spinal cord. 
Blocking retinoid signaling directly through expression of a dominant negative receptor was not a 
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viable approach, as it disrupts the initial induction of motor neuron progenitors and the induction 
of generic LMC character (Novitch et al., 2003; Sockanathan et al., 2003). Knocking down 
RALDH2 would be a subtler approach since it reduces, but not eliminates retinoid signaling. 
However, this approach is complicated by the dual role of retinoids produced by paraxial 
mesoderm and motor neurons (Ji et al., 2006), and by the subtly different effects conditional 
RALDH2 knockdown can manifest depending when it occurs during development and in which 
cell types (Ji et al., 2006; Vermot et al., 2005).  
 
 I thus decided to take the opposite approach and induce retinoid signaling in all LMC motor 
neurons. LMC motor neurons that make RALDH2 are present at comparable numbers after 
expression of a constitutively active retinoic acid receptor, presumably since they already engage 
in retinoid signaling (Novitch et al., 2003). If digit-innervating motor neurons also engage in 
retinoid signaling by responding to retinoids made by neighboring motor neurons, their 
development should also be unaffected by constitutive retinoid induction. But if digit-innervating 
motor neuron specification requires the absence of retinoid signaling, constitutive retinoid 
induction would be expected to disrupt their development.  
 
 In order to determine the effect of constitutive retinoic acid receptor expression in LMC 
motor neurons, I first expressed VP16RAR-GFP in brachial motor neurons at stages 15-17 and 
examined its effect on FoxP1+ motor neurons at stage 28. I found that electroporation of VP16RAR-
GFP or control GFP did not affect the number of FoxP1+ motor neurons at rostral brachial levels, 
suggesting that constitutive retinoid induction did not have a nonspecific toxic effect (Figures 6.6A 
and 6.6C).   In contrast,   electroporation  of VP16RAR-GFP,  selectively  reduced  the  number of  





Figure 6.6 Constitutive retinoid receptor expression disrupts caudal LMC development 
(A and C) Electroporation of VP16RAR-GFP or control GFP does not affect the number of 
FoxP1+ motor neurons at rostral brachial levels. Error bars represent SEM from >5 embryos. (B 
and D) Electroporation of VP16RAR-GFP, but not control GFP, reduces the number of FoxP1+ 
motor neurons at caudal brachial levels by 30% (p < 0.001, Mann-Whitney Rank Sum Test). 
Error bars represent SEM from >8 embryos. (E) The level of FoxP1 expression is comparable 
after VP16RAR-GFP or control GFP electroporation (n = >5 embryos, 100 motor neurons). 
Scale bar represents 50 µm. 
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FoxP1+ motor neurons at caudal brachial levels by 30% (Figures 6.6B and 6.6D). Motor neurons 
electroporated with VP16RAR-GFP or control GFP maintained consistent levels of FoxP1 
expression, suggesting that retinoid induction does not disrupt induction of FoxP1 expression 
(Figure 6.6E). These results indicate that retinoid induction maintains FoxP1 expression, but 
results in a selective loss of motor neurons at caudal brachial levels.  
 
 I next examined the effect of retinoid induction on divisional specification within the LMC. 
I found that electroporation of VP16RAR-GFP at brachial levels reduced the number of Isl1+ motor 
neurons by 22% (Figured 6.7A and 6.7B). Similarly, VP16RAR-GFP electroporation reduced the 
number of medial Pea3+ motor neurons by 28% (Figures 6.7C and 6.7D). I was unable to assess 
whether the reduction in medial Isl1+ motor neurons was accompanied by an increase in lateral 
Lhx1+ motor neurons at the same age due to the early downregulation of this gene. However, given 
the maintenance of the overall number of FoxP1+ motor neurons at rostral brachial levels, these 
results suggest that retinoid induction induces a subtle medial to lateral shift in LMC divisional 
specification.  
 
 Finally, I examined the effect of retinoid induction on the number of digit-innervating 
motor neurons. I found that electroporation of VP16RAR-GFP at brachial levels reduced the 
number of Scip+ motor neurons by 64% and the number of Fign+ motor neurons by 69% (Figures 
6.8A-6.8D). Moreover, the percentage of Scip+ and Fign+ motor neurons expressing GFP was 
reduced following electroporation of VP16RAR-GFP, compared to control GFP electroporation. 
This dramatic loss of digit-innervating motor neurons cannot be accounted for simply by the 
medial-lateral shift observed at more rostral brachial levels, since the reduction of Scip+ and Fign+ 
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motor neurons was ~2.3 times that of medial Pea3+ motor neurons. Taken together with the finding 
that the number of FoxP1+ motor neurons is reduced at caudal brachial levels, these results indicate 
that retinoid induction results in a selective loss of digit-innervating motor neurons, rather than a 
process of respecification to other LMC pool identities.  
 
 Retinoid induction might result in a loss of digit-innervating motor neurons through several 
possible mechanisms. One possibility is that expression of a constitutively active retinoid receptor 
causes digit-innervating motor neurons to undergo programmed cell death. Another possibility is 
that retinoid induction disrupts the specification and maintenance of prospective digit-innervating 
motor neurons. To test these hypotheses, I examined the expression of cleaved caspase-3 in Scip+ 
and Fign+ motor neurons following expression of VP16RAR-GFP. I found that the loss of Scip+ 
and Fign+ motor neurons observed after VP16RAR-GFP electroporation was not accompanied by 
an increase in caspase staining. While caspase activity remains an incomplete and time-dependent 
assay of cell death, this result suggests that the loss of digit-innervating motor neurons following 
retinoid induction was caused by a disruption in their developmental specification.   
 
   
 
  








Figure 6.7 Constitutive retinoid receptor expression induces subtle medial-lateral shift 
(A and B) Electroporation of VP16RAR-GFP, but not control GFP, reduces the number of Isl1+ 
motor neurons at brachial levels by 22% (p < 0.001, Student’s t-test). Error bars represent SEM 
from > 4 embryos. (C and D) Electroporation of VP16RAR-GFP, but not control GFP, reduces 
the number of medial Pea3+ motor neurons at brachial levels by 28% (p < 0.001, Student’s t-
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Figure 6.8 Constitutive retinoid receptor expression disrupts digit-innervating motor 
neuron development 
(A-D) Electroporation of VP16RAR-GFP, but not control GFP, reduces the number of Scip+ 
and Fign+ motor neurons at brachial levels by 64% and 69%, respectively (p < 0.001, Mann-
Whitney Rank Sum Test). Error bars in (B) and (D) represent SEM from 8 embryos (GFP) and 
15 embryos (VP16RAR). (E) The percentage of Scip+ and Fign+ motor neurons expressing GFP 
is reduced following electroporation of VP16RAR-GFP, compared to control GFP. (F) 
Electroporation of VP16RAR-GFP does not induce increased caspase labeling. Image is 
representative of >3 embryos in which caspase staining was performed following VP16RAR-
GFP electroporation. (G) Summary of motor pool reorganization following VP16RAR 
electroporation. VP16RAR electroporation induces a subtle medial (Isl1+) to lateral (Lhx1+) shift 
in FoxP1+ LMC motor neurons at rostral brachial levels, as indicated by the arrow, and a more 
significant reduction in digit-innervating motor neurons at caudal brachial levels. Scale bars 











 In this chapter, I demonstrate a role for both Hox activity and retinoid signaling in the 
specification of digit-innervating motor neurons. I show that digit-innervating motor neurons at 
brachial levels express low levels of Hoxc9, and that loss of Hoxc9 selectively disrupts their 
specification. Through misexpression studies in chick neural tube, I demonstrate that both Hoxc8 
and Hoxc9 are necessary for the specification of digit-innervating motor neurons at forelimb 
levels. I also explore the role of retinoid signaling in digit-innervating motor neurons, which fail 
to synthesize retinoic acid. I show that constitutive induction of retinoid signaling in the brachial 
LMC blocks the development of digit-innervating motor neurons, suggesting that the absence of 
retinoid signaling in these neurons contributes to their specification and maintenance.  
 
A model of Hox and retinoid specification of brachial digit-innervating motor neurons 
 
 Given that Hox activity is necessary for determining the status of RALDH2 expression, it 
is likely that the absence of retinoic signaling in digit-innervating motor neurons is related to their 
Hox status. The results of my Hox and retinoid manipulation experiments suggests a cohesive 
model for digit-innervating motor neuron specification at brachial levels that is consistent with the 
role of Hox genes in regulating the downstream expression of RALDH2 (Figure 6.9). Digit-
innervating motor neurons can be distinguished from motor pools that innervate more proximal 
muscles in the forearm by expression of Hoxc9, at low levels. Hoxc9, together with Hoxc8, is 
necessary for the specification of digit-innervating motor neurons at brachial levels. At high levels, 
Hoxc9 blocks expression of FoxP1 and RALDH2 (Dasen et al., 2003, 2008; Jung et al., 2010). It  












Figure 6.9 A model of Hox and retinoid specification of digit-innervating motor neurons 
Digit-innervating motor neurons can be distinguished from motor pools that innervate more 
proximal muscles in the forearm by their low levels of Hoxc9 expression. The specification of 
digit-innervating motor neurons at brachial levels requires both Hoxc8 and Hoxc9. At high 
levels, Hoxc9 blocks expression of FoxP1 and RALDH2. Low levels of Hoxc9 in digit-
innervating motor neurons may thus be sufficient to block expression of RALDH2 while 
maintaining FoxP1. The absence of retinoid production in digit-innervating motor neurons 
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is thus possible that low levels of Hoxc9 may be sufficient to block expression of RALDH2 in 
digit-innervating motor neurons while maintaining their expression of FoxP1. The absence of 
retinoid signaling in digit-innervating motor neurons is subsequently necessary for their 
proliferation and maintenance, as my results indicate that constitutive retinoic induction disrupts 
this aspect of their development.  
 
 The role of retinoid acid signaling in cellular proliferation and differentiation has been 
known since the 1920s, when vitamin A deficiency was shown to disrupt epithelial differentiation, 
resulting in an over-proliferation of immature epithelial cells (Wolbach and Howe, 1925). Since 
then, retinoic acid has been shown to contribute to the development of many organ tissues, 
including the CNS, heart, eye, skeleton, limb buds, lung, pancreas and genitourinary tract (Duester, 
2008). However, retinoic acid can have different effects on cellular proliferation and 
differentiation in different tissues, and may have distinct effects within a tissue depending on the 
stage of organ development and the particular cell types involved (Niederreither and Dolle, 2008).   
 
 At early stages of motor neuron differentiation, retinoic acid has been shown to be critical 
for promoting the induction of motor neuron progenitors and the assumption of generic LMC 
character in post-mitotic motor neurons (Novitch et al., 2003; Sockanathan et al., 2003). Retinoids 
have also been shown to have a secondary role in later stages of motor neuron specification, 
mediating divisional distinctions within the LMC by promoting a lateral LMC character (Ji et al., 
2006; Sockanathan and Jessell, 1998; Sockanathan et al., 2003; Vermot et al., 2005). My finding 
that constitutive retinoic acid receptor expression promotes a subtle ~30% medial to lateral shift 
within the LMC is consistent with previous reports that loss of RALDH2 results in a ~20% 
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reduction in lateral LMC motor neurons (Ji et al., 2006; Vermot et al., 2005). Although digit-
innervating motor neurons can conceivably be considered to have a medial LMC character given 
that they express Isl1, their lack of RALDH2 expression makes it difficult to ascribe to them typical 
divisional LMC distinctions. Even so, the subtle <30% reduction in medial LMC motor neurons 
upon constitutive retinoid induction is not sufficient to explain the more dramatic ~65% loss of 
digit-innervating motor neurons.  
 
 My results suggest that retinoic acid signaling has a role in motor pool specification, 
differentially biasing developing motor neurons away from digit-innervating pool identities. The 
finding that retinoic acid differentially regulates the differentiation of neuronal subtypes is not 
without precedent. Graded retinoic acid signaling has been previously shown to determine subtype 
identities within the p3 progenitor pool, which shares a common transcriptional code and produces 
serotonergic and V3 neurons in the hindbrain and spinal cord, respectively (Jacob et al., 2013). 
Hindbrain serotoninergic neurons require low levels of retinoid signaling, whereas V3 neurons 
require high levels, and manipulating retinoic acid signaling through dominant negative and 
constitutively active receptor expression can change the number of serotonergic and V3 neurons 
produced. In this system, the level of retinoic acid signaling determines the graded expression of 
the transcription factor Asc1, with low retinoic acid signaling corresponding to high levels of 
Ascl1. The role of retinoid signaling has also been explored in the context of telencephalon 
development, where retinoid signaling has been shown to have a dual role in early progenitor 
proliferation and later role in subtype specification (Rajaii et al., 2008). In particular, the absence 
of retinoid signaling is sufficient to redirect Nkx2.1+ progenitor cells from a medial ganglion 
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eminence (MGE) differentiation pathway to one with a lateral ganglion eminence (LGE) specific 
character.  
 
 One caveat of my retinoid signaling manipulation experiments is that I did not directly 
address at what stage of motor neuron differentiation retinoic acid signaling becomes disruptive 
for those motor neurons fated to become digit-innervating subtypes. My constitutive retinoid 
induction was performed using a pCAGGS promoter that generates strong expression in both 
progenitor and post-mitotic cell types. Motor neuron progenitor induction requires retinoic acid, 
and constitutive retinoid induction in progenitors is not sufficient to induce additional Olig2+ motor 
neuron progenitors (Novitch et al., 2003). Taken together with my finding rostral LMC motor 
neurons were preserved at appropriate numbers after retinoid induction in motor neuron 
progenitors, it is unlikely that inducing retinoic acid signaling in progenitors had a significant 
effect on early aspects of motor neuron patterning and proliferation. Nevertheless, one way to test 
whether retinoid blockade of digit-innervating motor neuron specification occurs specifically in 
post-mitotic motor neurons is to electroporated the VP16RAR –GFP construct using an Hb9 
promoter (Arber et al., 1999). The 9kb size of the full Hb9 promoter would likely limit the 
efficiency of the electroporations, so using truncated Hb9 promoters might represent a better 
strategy (Lee and Pfaff, 2003).  
 
 Another caveat of interpreting the results of in ovo electroporation experiments is the 
mosaic nature of the electroporations. Typically only ~50% of the motor neurons will be 
successfully electroporated in any given experiment, potentially accounting for the sporadic 
induction of neurons that were ectopically generated and the incomplete loss of those that were 
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repressed. One way to address this issue is to repeat these experiments in mice using genetic driver 
lines that manipulate a given population of neurons uniformly. Hb9::Hoxc9 founder embryos, in 
which Hoxc9 is induced uniformly in all post-mitotic motor neurons, were previously generated 
and described (Jung et al., 2010). These embryos display a reduction in FoxP1+ motor neurons at 
LMC levels, loss of RALDH2 expression and loss of Pea3+ motor neurons. A remaining question 
is thus whether Scip+, Cpne4+ and Fign+ motor neurons are preserved under these conditions. Since 
Hoxc9 contributes to their specification, misexpression of this gene might be expected to have no 
effect on these motor neurons. However, it is possible that the levels of Hoxc9 expressed using 
this driver line might be high enough to disrupt FoxP1 expression sufficiently to reduce the number 
of digit-innervating motor neurons as well.  
 
 In order to better address the role of retinoic acid signaling in digit-innervating motor 
neurons, we have been attempting to develop a mouse line that allows conditional expression of 
VP16RAR. Unfortunately, numerous attempts at generating chimeras that give germ-line 
transmission have not yet been successful. A conditional VP16RAR line would be useful in 
targeting retinoid induction selectively to motor neurons at different stages of their differentiation 
using Olig2::Cre, Hb9::Cre and Chat::Cre lines.  
 
Additional mechanisms involved in digit-innervating motor neuron development 
 
 The expression of Hoxc8 and Hoxc9 and their downstream effect on RALDH2 expression 
is sufficient to explain many aspects of the specification of digit-innervating motor neurons. 
Nevertheless, my results suggest that additional genetic mechanisms may be involved. In Hoxc9 
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mutant embryos, Scip+, Fign+ and Cpne4+ are all ectopically generated at thoracic levels. If Hoxc9 
is necessary for their specification, additional mechanism must compensate for its absence in these 
mutants. A possible source are related Hox9 paralog genes that are expressed at thoracic levels 
(Dasen et al., 2005). Hoxa9 in particular has been previously demonstrated to have similar activity 
profile to Hoxc9, and is capable of repressing RALDH2 expression after misexpression (Dasen et 
al., 2003). Coelectroporation of each of the Hox9 genes (Hoxa9, Hoxb9, Hoxd9) with Hoxc8 
would reveal whether they are also sufficient to induce digit-innervating motor neuron identity. 
Another way of indirectly examining this issue would be to examine whether the ectopic Scip+, 
Fign+ and Cpne4+ generated at thoracic levels in the Hoxc9 mutant fail to express RALDH2 as 
they do when normally generated at LMC levels. However, this analysis might be difficult to 
interpret, as RALDH2+ motor neurons are found at thoracic levels in the Hoxc9 mutant despite the 
presence of Hoxa9, suggesting that Hox9 paralog genes are not sufficient to restrict RALDH2 
expression in the absence of Hoxc9.  These findings highlight the multifaceted contributions of 
FoxP1 and Hox proteins to the transcriptional regulation of RALDH2 expression, a process that 
requires more detailed mechanistic elucidation.  
 
 The mechanisms that differentially regulate the specification of forearm flexor and intrinsic 
hand motor neurons also have yet to be defined. The dramatic loss of Fign+ and Cpne4+ intrinsic 
hand innervating motor neurons compared to Scip+ forearm flexor and intrinsic hand motor 
neurons in the Hoxc9 mutant suggests that Hoxc9 has a more critical role in the specification of 
intrinsic hand motor neurons. Yet my electroporation results indicate that Hoxc8 and Hoxc9 
coexpression is sufficient to induce both Scip+ and Fign+ motor neurons in comparable numbers. 
One possible explanation for this discrepancy is the mosaic nature of electroporation experiments. 
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If Hoxc9 is more critical for intrinsic hand motor neuron specification, a more efficient mode of 
coexpressing Hoxc8 and Hoxc9, such as with a bicistronic plasmid encoding both genes, might be 
expected to induce more Fign+ than Scip+ motor neurons. Another possible explanation as that 
these experiments were conducted in different model organisms. The loss of digits in chick at 
forelimb levels might lead Scip and Fign to label more similar populations of distal limb 
innervating motor neurons. Regardless of the Hox mechanisms involved in defining these two 
motor pools, the role of retinoids is the same in each, as both forearm flexor and intrinsic hand 
motor neurons fail to make retinoids and are disrupted by constitutive retinoid induction.  
 
 Future efforts will be required to identify the downstream targets of retinoid signaling in 
LMC motor neurons. It is unclear why retinoids bias LMC motor neurons towards a lateral LMC 
fate and why retinoids selectively inhibit the specification of digit-innervating motor neurons in 
particular. It is possible that just as early retinoid signaling establishes the boundaries of Hox 
expression that mediate columnar identity, later retinoid signaling dynamically regulates the 
expression of Hox genes to mediate divisional and pool subtype specification. In order to dissect 
the individual contributions of Hox genes and retinoid signaling, it may be helpful to examine 
these processes in explant systems, where each component can be isolated and manipulated more 
precisely. Embryonic stem cell derived motor neurons may also serve as a useful in vitro system 
in which to examine the role of retinoid signaling in pool specification, as they can be programmed 
to acquire molecular and functional properties that characterize motor neuron subtypes (Peljto et 
al., 2010; Wichterle et al., 2002). Retinoid signaling is known to operate in a dose-dependent 
manner, and my experiments using a constitutively active receptor did not allow the level of 
retinoid signaling within motor neurons to be titrated to varying levels. In contrast, in vitro 
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preparations would permit the application of exogenous retinoids at prespecified levels and 
predetermined time points.  
 
 The mechanisms mediating muscle target selection by developing digit-innervating motor 
neurons also require elucidation. Although Lhx1 has been shown to play a critical role in mediating 
the choice to innervate the ventral versus dorsal limb mesenchyme (Kania and Jessell, 2003), the 
mechanisms underlying proximodistal targeting have yet to be defined. Moreover, digit-
innervating motor neurons project to the most distal targets in the periphery, and may require 
additional genetic strategies for meeting the metabolic demands of maintaining longer axonal 
projections.  
 
 Although this study addressed the role of Hox genes in specifying digit-innervating motor 
neurons at brachial levels, the role of Hox genes at lumbar levels have yet to be defined. Hox10 
paralog group activity has been implicated in lumbar motor neuron specification, although the 
mechanisms mediating individual pool specification are unclear (Hostikka et al., 2009; Wu et al., 
2008). It is possible that just as the specification of digit-innervating motor neurons is shaped at 
brachial levels by their proximity to the Hoxc9 enriched thoracic spinal cord, the specification of 
digit-innervating motor neurons at lumbar levels is shaped by their proximity to sacral spinal 
segments. Yet the mechanisms underlying sacral motor neuron development are not known. Motor 
neuron specification at brachial and lumbar levels may reflect organizational differences in the 
arrangement of muscles in the forelimb and hindlimb. The forelimb has many more extrinsic digit-
innervating motor neurons, as reflected by the Scip+ forearm flexor population. In contrast, the 
hindlimb has relatively few extrinsic muscles of the toes, and none of the motor neurons 
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innervating these muscles express Scip or fail to express RALDH2. Thus, a more simple Hox code 
may be sufficient at lumbar levels to mediate distinctions in proximal LMC and digit-innervating 
LMC fates.  
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7 General discussion 
 
 In this thesis, I have described efforts to characterize two aspects of the construction of 
spinal motor circuits. I have explored the construction of selective sensory-motor circuits that 
regulate motor neuron output, demonstrating that motor pools with synergist biomechanical 
function are linked by precisely weighted heteronymous sensory feedback, and that the 
construction of heteronymous sensory-motor circuits requires sensory neurotransmission. I show 
that in the absence of central sensory transmission, proprioceptive afferents form incorrectly tuned 
heteronymous sensory-motor connections, whereas the specificity and incidence of homonymous 
and antagonist connectivity is unchanged. In order to explore the mechanistic basis of 
heteronymous sensory-motor refinement, I establish a spike timing model of synaptic plasticity 
that provides plausible explanation for the selective increase in heteronymous connection density 
observed upon sensory activity blockade. In this section, I interpret these experimental results in 
the broader context of sensory-motor circuit assembly and discuss ongoing and future efforts to 
identify the mechanisms underlying the initial discrimination of sensory-motor specificity, prior 
to the involvement of activity-dependent refinement. 
 
 I then explored the genetic specification of motor pools that project to defined muscle 
targets. I used a genetic screen of five hindlimb motor pools to identify genes with selective 
enrichment in the intrinsic foot motor pool and found that the majority of these genes were also 
expressed in the intrinsic hand motor pool. I showed that digit-innervating motor pools at both 
brachial and lumbar levels of the spinal cord can be distinguished from other LMC motor neurons 
in that they fail to synthesize retinoic acid and engage in retrograde BMP signaling. I provide 
insight into the mechanisms underlying the divergent signaling pathways observed in digit-
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innervating motor neurons by defining the set of Hox genes that contribution to their specification 
at brachial levels. Finally, I demonstrate that constitutive induction of retinoid signaling blocks the 
development of digit-innervating motor neurons, suggesting that the absence of retinoid signaling 
in these neurons contributes to their specification. I discuss these findings in the context of motor 
system evolution. I also address how digit-innervating motor neurons contribute to dexterous 
behavior by discussing the known mechanisms by which spinal interneuron and descending 
circuits contribute to fine motor control.  
 
7.1 Hierarchical mechanisms in sensory-motor circuit assembly 
 
My genetic studies in mice indicate that activity-dependent refinement, a mechanism 
involved in the assembly of circuits throughout the central nervous system, has an additional role 
in shaping the formation of precisely weighted sensory-motor connections. In the absence of 
central sensory transmission, proprioceptive sensory afferents contact the appropriate set of 
synergist motor pools and avoid those with antagonist function. However, the heteronymous 
connections sensory afferents form with synergist motor pools are no longer weighted 
appropriately. Our spike-timing model of synaptic plasticity suggests that the timing of presynaptic 
sensory activity and postsynaptic motor activity may be responsible for refining the particular 
proportion of heteronymous and homonymous connections.  
 
 These results highlight the observation that sensory-motor circuit assembly requires the 
convergent contribution of several distinct developmental mechanisms. Sensory afferents use 
positional targeting, molecular recognition and activity-dependent mechanisms at sequential 
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stages of circuit formation that require more subtle forms of target discrimination.  The hierarchical 
layering of distinct developmental mechanisms serves to simply the demanding task of forming 
precisely weighted connections with particular motor pools. Positional targeting, in which 
incoming afferents target a particular layer or nucleus of postsynaptic cells, reduces the number of 
individual postsynaptic targets that must be distinguished by molecular recognition, thus lessening 
the demand for cell-type specific molecular matching programs. It can be consequently inferred 
that one purpose of early motor pool and columnar organization is to establish a positional logic 
that informs sensory targeting.  
 
 The spatial organization of motor neuron somata may not be the only source of positional 
information that can be used by incoming sensory afferents, however. Motor neurons extend 
dendrites up to 1000 µm away from the soma, with different motor pools exhibiting distinct and 
asymmetric patterns of dendritic arborization (David Ng and Nikolaos Balaskas, personal 
communication). Proprioceptive contacts are not distributed randomly across the dendritic arbors, 
but align to particular subcellular domains that correspond with the trajectories of incoming 
sensory afferents (David Ng and Nikolaos Balaskas, personal communication). Although the 
mechanisms that regulate dendritic arborization remain unclear, they appear to be FoxP1 
dependent, as limb-innervating motor neurons in FoxP1 mutant mice exhibit a loss of dendritic 
complexity, reverting to an HMC-like bipolar arborization pattern (David Ng and Nikolaos 
Balaskas, personal communication). These data suggest that dendritic targeting represents an 
additional source of positional constraints that contribute to the establishment of sensory-motor 
circuit specificity. 
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 The contribution of molecular matching to sensory-motor discrimination has not been 
entirely defined. On one extreme, sensory-motor circuits could be constructed with a molecular 
matching program that mediates recognition of every motor pool. However, such a system would 
be considerably demanding, given the large number of distinct motor pools at both brachial and 
lumbar levels. Instead, known examples of molecular recognition in sensory-motor circuit 
assembly, such as the Sema3E-PlexinD1 system, serve to promote sensory specificity to multiple 
motor pools. At brachial levels, Sema3E-PlexinD1 signaling appears to mediate the exclusion of 
sensory input to the cutaneous maximus motor pool (Pecho-Vrieseling et al., 2009). At lumbar 
levels, it mediates sensory avoidance between the gluteus and hamstring motor pools (Fukuhara et 
al., 2013). Thus, in combination with positional targeting, redundant molecular recognition 
programs might mediate the formation of multiple sensory-motor reflex circuits.   
 
 One challenge in studying the molecular determinants of sensory-motor specificity is that 
the mechanisms that mediate motor pool identity and organization arise independently of the 
mechanisms that specify sensory neuron pool identity. However, the topographic relationship that 
links sensory termination domains in the spinal cord to muscle coordinates in the limb raises the 
possibility that the limb-induced signals that impose sensory subtype identities direct their pattern 
of central projections and motor pool targeting. Proprioceptive sensory afferents reach the limb 
mesenchyme days before their central projections enter the ventral spinal cord, so ample time 
exists for limb-derived cues to impose subtype character that mediates positional targeting and 
molecular matching (Frank and Westerfield, 1983). Indeed, the expression of the genes Cdh13, 
Sema5a and Crtac1 is induced by limb mesenchyme and confined those sensory pools that 
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innervate particular domains along the proximodistal and dorsoventral axes of limb (Poliak et al., 
2016).  
 
 Linking the induction of sensory subtype identity to central connectivity has proved to be 
more challenging. Although dorsoventral limb-derived signaling has been previously shown to 
shape sensory discrimination between medial and lateral motor domains, Cdh13 mutant mice 
exhibit only a modest incidence of aberrant sensory-motor connections (Poliak et al., 2016; 
Wenner and Frank, 1995). Moreover, genes that define individual sensory pools that supply a 
single muscle have yet to be defined. Consequently, additional efforts are required to address the 
limb-dependent molecular determinants of sensory positional targeting and motor pool 
discrimination.  
 
 Even the most stringent molecular recognition paradigm, in which each sensory motor pool 
is matched exclusively to a corresponding motor pool, cannot account for the full complexity of 
sensory-motor circuits. Sensory afferents form heteronymous connections with multiple synergist 
motor pools, and do so with weighted synaptic densities. While the convergent influence of 
multiple molecular recognition programs could mediate the formation and exclusion of 
heteronymous connections to particular motor pools, it is unclear how such a system could mediate 
the tuning of synaptic connection densities. My results suggest that activity-dependent refinement 
serves the purpose of helping to tune the density of heteronymous connections, thus addressing 
this final step in sensory-motor circuit assembly.  
 
 It is unclear whether activity-dependent refinement is the sole mechanism that determines 
sensory-motor synaptic density, as loss of sensory transmission fails to equalize the density of 
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homonymous and heteronymous connections. The remaining discrepancy in homonymous and 
heteronymous synaptic density may reflect incomplete sensory transmission blockade. 
Alternatively, it may reflect underlying molecular mechanisms that mediate synaptic 
discrimination between synergist motor pools.  
 
7.2 Divergent mechanisms in fine motor circuit assembly  
 
 The construction of an integrated neuromuscular system requires the close matching of 
motor and sensory neuron specification with the organization of muscle targets in the periphery. 
The work I have presented in this thesis extends the link between nervous system and limb 
development, showing that the distinct patterns of Hox expression and signal molecule gradients 
necessary for patterning the developing autopod are mirrored by divergent developmental 
mechanisms of Hox specification and retinoid signaling in motor neurons that innervate the 
intrinsic muscles of the hands and feet. 
 
 Just as the establishment of paired limbs necessitated the recruitment of distinct genetic 
mechanisms to pattern limb-innervating motor neurons, the elaboration of digits is accompanied 
by distinct mechanisms to pattern digit-innervating motor neurons. Limb-innervating motor 
neurons have traditionally been defined by their coexpression of the Hox cofactor FoxP1 and the 
retinoic acid synthesis enzyme RALDH2 (Dasen and Jessell, 2009). In contrast, the work I present 
in this thesis demonstrates that digit-innervating motor neurons represent an exception to this 
principle, as they can be distinguished from other limb-innervating motor neurons by their failure 
to express RALDH2. This finding suggests a common principle of retinoid signaling in 
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neuromuscular development, as retinoic acid patterns both the proximal developing limb bud and 
the motor neurons that innervate proximal muscles within the limb. Moreover, just as retinoic acid 
is excluded from the developing autopod, it appears that retinoic acid signaling is excluded from 
digit-innervating motor neurons, as constitutively inducing retinoid signaling in limb-innervating 
motor neurons selectively disrupts digit-innervating motor neuron development. This finding 
suggests that the continued expression of CRABP2 in digit-innervating motor neurons serves as a 
protective mechanism against retinoids produced by neighboring motor neurons. The absence of 
retinoid signaling appears to serve as a common patterning mechanism in both intrinsic hand and 
intrinsic foot motor neurons, directing the expression of the same downstream genes in each pool 
despite the distinct Hox contexts at brachial and lumbar spinal levels. Taken together, it can 
inferred that digit-innervating motor neurons represent a separate division within the LMC, 
perhaps reflecting the timing of their evolutionary emergence within the LMC lineage.  
  
 Although I have demonstrated a role for Hox and retinoid signaling in the initial 
specification of digit-innervating motor neurons, the transcriptional mechanisms by which they do 
so remain unclear. Retinoic acid receptors regulate the transcription of hundreds of downstream 
genes, and it is unknown which ones mediate the divisional and pool specification induced by 
differential retinoid signaling. The mechanisms by which digit-innervating motor neurons locate 
the appropriate muscle target in the distal limb also are unclear. It is likely that intrinsic hand and 
intrinsic foot innervating motor neurons use common mechanisms to specify axon trajectories 
within the limb, as their choice of which limb to innervate is constrained by their settling position 
at either brachial or lumbar levels of the spinal cord. Another remaining question is how the 
retinoids produced by limb-innervating motor neurons affects the development of neighboring 
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spinal interneurons. If locally produced retinoids are involved in interneuron specification as well, 
the finding that digit-innervating motor neurons do not make retinoids may have additional 
consequences in the establishment of local spinal circuitry.  
 
 In addition to the abstract similarities between distal limb patterning and digit-innervating 
motor neuron specification, my results suggest a direct link between limb patterning and motor 
neuron development by demonstrating that local cues in the distal developing limb bud selectively 
induce pSMAD signaling in digit-innervating motor neurons. How this signaling pathway 
contributes to the survival, maintenance and differentiation of digit-innervating motor neurons 
remains to be determined. 
 
 The induction of sensory subtype specific genes by limb mesenchyme domains raises the 
question of whether signaling molecules in the developing autopod also induce distinct patterns of 
gene expression in proprioceptor pools that innervate the intrinsic hand and foot muscles (Poliak 
et al., 2016). Recent efforts to extend proprioceptor subtype specific genetic screens to additional 
hindlimb sensory pools have not yet detected any genes with all or none differences in gene 
expression in intrinsic foot proprioceptive sensory neurons compared to sensory pools that 
innervate more proximal muscles of the hindlimb (Amy Norovich, personal communication). 
However, the screen was performed at early postnatal ages and may have missed genes that were 
downregulated at late embryonic stages. Moreover, a genetic screen would not detect differences 
in intracellular signaling mediated by protein phosphorylation, such as the pSMAD signaling 
detected in digit-innervating motor neurons. It seems likely that if sensory pool identity is imposed 
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by limb-derived signals, that the divergent mechanisms involved in patterning the developing 
autopod would be reflected in the specification of sensory neurons that innervate distal muscles.  
 
7.3 Future directions 
 
Synaptic specificity in sensory-motor circuits 
 
 Despite considerable progress in elucidating the mechanisms that mediate sensory-motor 
circuit assembly, a number of issues remain. The extracellular molecular cues that mediate 
positional targeting have yet to be defined, and although surface recognition has been implicated 
in the assembly of certain sensory-motor reflex circuits, much work is needed to clarify the 
particular molecular mechanisms that mediate dorsoventral and mediolateral columelar 
discrimination. Moreover, the molecular mechanisms that mediate the initial discrimination 
between synergist motor pools within a columel are unknown.  
 
 One initial purpose of my motor pool genetic screen was to identify pool specific genes 
that might mediate synaptic recognition. The failure to identify genes involved in surface 
recognition with relevant patterns of gene expression may have been due to the postnatal age at 
which the screen was performed. If the molecular cues that mediate synaptic recognition are only 
expressed at the embryonic time points during which sensory-motor circuits form, my screen 
would not have detected them. However, conducting a genetic screen at embryonic ages of distinct 
motor pools is challenging since retrograde labeling must be performed ex vivo. A more feasible 
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screen would involve capturing distinct columelar groups, which can be distinguished by position, 
particularly in mice in which motor neurons express a genetically encoded fluorophore.  
 
 Nevertheless, the identification of intrinsic hand and foot motor pool specific genes may 
provide access for addressing the question of sensory-motor synaptic specificity, at least for these 
particular motor pools. A Pirt, Cpne4 or Fign specific Cre driver line could be used to identify 
digit-innervating motor neurons at embryonic time points for laser capture mediated profiling. 
Intriguingly, several of these genes, namely Cpne4 and Pirt, are also expressed in DRG, though it 
is unclear whether they are expressed in proprioceptors. Pirt has previously been shown to be 
involved in nociceptive sensory neuron function, but its role in other sensory subtypes has not been 
addressed. Pcp4l1, a gene expressed in the PL, GS and IF motor pools, is also expressed in DRG, 
but double in situ hybridization with a probe against parvalbumin confirmed that it is not expressed 
in proprioceptors (data not shown). Regardless, these genes are not involved in surface recognition, 
so it is unlikely that they are directly mediating molecular matching.  
 
 The difficulty of identifying motor subtype specific recognition molecules may reflect a 
conceptual, rather than technical, dilemma of genetic profiling. Genetic profiling is effective at 
comparing levels of gene expression between distinct populations and thus detecting genes with 
all-or-none differences in gene expression, such as levels of Sema3E in distinct motor pools. 
However, synaptic specificity in sensory-motor circuits may be mediated by a more subtle form 
of recognition, in which sensory neurons detect distinctions in the levels of several genes, which 
are expressed in a combinatorial fashion. This kind of recognition paradigm would be difficult to 
elucidate based on pairwise comparisons of individual gene expression, and would be difficult to 
GENERAL DISCUSSION 173 
 
 
study using traditional loss of function experiments. Consequently, identifying the molecular 
mechanisms mediating sensory-motor specificity may require a more computation approach to 
categorizing the expression of surface molecules in distinct sensory and motor subpopulations.  
 
Motor system neurobiology in evolutionary context 
 
 The use of appendages for walking is not limited to vertebrate tetrapods, but is observed in 
many invertebrate arthropods as well. Vertebrates and arthropods have separate evolutionary 
lineages, however, with vertebrates deriving from the deuterostome lineage and arthropods from 
the protostome lineage (Figure 7.1A). Protostomes and deuterostomes share many common 
mechanisms in nervous system patterning, supporting the hypothesis that the nervous system of 
their common appendageless bilaterian ancestor had an organized central nervous system that was 
patterned by shared intrinsic signaling programs (Figure 7.1B; Arendt and Nübler-Jung, 1999; 
Denes et al., 2007; De Robertis and Sasai, 1996).  
 
 In both protostomes and deuterostomes, the dorsoventral axis of the nerve cord is patterned 
by dosage-dependent gradients of BMPs, although the mechanisms by which they regulate 
downstream gene expression differs between the two (Esteves et al., 2014; Mizutani et al., 2006). 
In contrast, the ventral patterning cues differ between these two lineages, where Dorsal and Shh 
play primary patterning roles in flies and vertebrates, respectively (Stathopoulos and Levine, 
2002). The segmental expression of body plan genes, such as those in the Hox, Msx, Dlx, Pax, Nkx, 
and Dbx families, is also conserved (Arendt and Nübler-Jung, 1999; Steinmetz et al., 2011). 
Finally, in both vertebrates and protostomes, Pax6+;Nk6+ progenitors give rise to cholinergic Hb9+  













Figure 7.1 Neural induction and patterning in Bilateria 
(A) Traditional classification of Bilateria. Bilaterians are a subgroup of eumetazoan animals 
characterized by a bilaterally symmetrical body plan and triploblastic development. Bilaterians 
are subdivided into protostomes (mouth first) and deuterostomes (mouth second). (B) 
Conservation of gene expression patterns along the DV axis in protostomes (flies and annelids) 
and deuterostomes (hemichordates and vertebrates). Homologous genes are color coded. 
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motor neurons (Denes et al., 2007). Although the initial patterning of neuroectoderm and 
specification of motor neurons shares many common mechanisms across protostomes and 
deuterostomes, the features of motor neuron organization and connectivity diverge between the 
two.  
 
 The most evolutionarily ancient vertebrates, such as lamprey, lacked appendages. Thus, 
the ancestral state of spinal motor neurons seems to be defined by Lhx3/4, Isl1/2, and Hb9, 
transcription factors that define MMC character (Landgraf and Thor, 2006). These transcription 
factors can be found in primary motor neurons in zebrafish and amphibian embryos (Appel et al., 
1995; Borodinsky et al., 2004). The development of HMC subtypes required that ancestral motor 
neurons lose the influence of Lhx3/4 (Sharma et al., 2000). This step may be mediated by 
modulating the strength of Wnt signaling in the dorsoventral inductive pathway, as reduction of 
Wnt4/5 activity inhibits production of MMC neurons and generates additional HMC neurons 
(Agalliu et al., 2009). Finally, the emergence of the LMC appears to have involved the cooptation 
of preexisting Hox networks to allow FoxP1 induction in HMC-like precursors (Dasen et al., 
2008). 
 
 When did Hox-dependent programs for limb-innervating motor neuron specification first 
arise? Appendage innervating motor neurons first emerged in vertebrates as populations of motor 
neurons to innervate the pectoral and pelvic fins in fish. Secondary pectoral fin-innervating motor 
neurons share certain characteristics with LMC limb-innervating motor neurons in that they reside 
at a Hox6 expressing level of the spinal cord and express RALDH2 and certain LIM homeodomain 
proteins (Begemann et al., 2001; Uemura et al., 2005). However, ancestral pectoral innervation 
does not derive solely from spinal motor neurons, but has a dual origin in hindbrain as well, raising 
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the possibility that the caudal displacement of the pectoral motor neurons during vertebrate 
evolution was caused by a positional shift of Hox expression along the rostrocaudal axis (Ma et 
al., 2010). Even so, there is no current evidence that pectoral fin-innervating motor neurons express 
FoxP1 or demonstrate a Hox-dependent program of subtype specification and topographic 
organization, a surprising finding given that analysis of Hox9 activities indicate that Hox signaling 
has contributed to the evolution of motor systems in early vertebrates (Jung et al., 2014). Moreover, 
the innervation of pelvic fins has been shown to be Hox-independent (Murata et al., 2010). Thus, 
it is still largely unknown at what stage in vertebrate evolution the Hox-dependent program for 
limb innervation emerged.  
 
 One possibility is Hox-dependent limb innervation programs are present in other species 
of fish that use fins as the primary mode of locomotion. Batoid cartilaginous fish, such as rays and 
skates, use extended pectoral fins to produce oscillations that propel them forward (Rosenberger, 
2001). Whereas the motor neurons that innervate adductor or abductor muscles of the pectoral fins 
of ray-finned fish display little topographic organization, motor neurons in stingray are organized 
to a greater degree (Droge and Leonard, 1983; Uemura et al., 2005). Pectoral-fin innervating motor 
neurons in the stingray form a continuous column along the spinal cord, but motor neurons 
projecting through each peripheral nerve have restricted rostrocaudal positions (Droge and 
Leonard, 1983). Moreover, motor neurons innervating elevator fin muscles have more lateral 
positions in the ventral horn, whereas motor neurons innervating depressor fin muscles have 
dorsomedial positions. It remains to be determined, though, whether motor neurons in batoids 
express FoxP1 or engage Hox-dependent modes of motor neuron specification and organization.   
 
GENERAL DISCUSSION 177 
 
 
 Another possibility is Hox-dependent limb innervation programs first emerged in 
transitional organisms in which bony fins first began to develop limb-like structure (Figure 1.7). 
Bony fish can be classified into two groups, ray-finned fish (Actinopterygii) and lobe-finned fish 
(Sarcopterygii). Tetrapods derive from the Sarcopterygii clade, although most members of this 
group, including tetrapodomorphs such as Tiktaalik and Acanthostega, are now extinct. 
Consequently, the most recent exist tetrapod precursors include two Sarcopterygii subclasses, 
coelacanths and lungfish. Examining the developmental patterning and organization of motor 
neurons in these species may provide insight into how limb innervation programs first emerged.  
  
 Identifying how the genetic programs that specify digit-innervating motor neurons 
emerged may be more challenging given that digit-like structures first emerged in tetrapodomorphs 
that are now extinct. It is possible that RALDH2+ rostral LMC motor neurons emerged first in the 
evolutionary lineage, and that additional Hox programs were recruited later to turn off RALDH2 
in motor neurons fated to innervate the digits. It is also possible that rostral and caudal LMC 
profiles emerged concurrently, in parallel with the elaboration of proximal and distal limb 
elements.  
 
 Although it may not be possible to address directly the evolutionary emergence of digit-
innervating motor neurons using evolutionary precursors, examining tetrapods that have paired 
limbs, but in a form that lack individual digits, may shed light on this issue indirectly. Digit loss, 
a reduction in the number of digits from the original five-digit morphology, has occurred 
repeatedly in tetrapod evolution and is mediated by two different developmental mechanisms 
(Cooper et al., 2014; Lopez-Rios et al., 2014). In the ‘odd-toed’ jerboa, horse and ‘even-toed’ 
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camel, digit loss occurs during post-patterning stages of chondrogenesis. These organisms initially 
organize the limb bud in a pentadactyl pattern, but then resculpt the developing autopod through 
extensive cell death. In contrast, digit loss in the pig and cow occurs during early limb patterning. 
In this mechanism, loss of polarized gene expression leads to a failure to initially specify digit 
primordia.  
 
 How does the nervous system accommodate the evolutionary loss of digits? Different 
species may manifest different strategies of adaptation, depending on the degree of digit loss and 
the developmental mechanism underlying it. One possibility is that digit-innervating motor 
neurons are generated during embryonic development, but later degenerate due to lack of trophic 
support from corresponding muscle in the periphery. A second possibility is that organisms that 
have undergone evolutionary digit loss no longer generate digit-innervating motor neurons, 
presumably due to rearrangements in the pattern of Hox gene expression. In this case, examining 
differences in spinal Hox patterning that underlie the failure to generate digit-innervating motor 
neurons may elucidate the mechanisms involved in their specification and their most recent 
ancestral origins.  
 
Spinal interneuron and descending circuits for fine motor control  
 
 The structure of the hand and foot is characterized by profound biomechanical complexity. 
Each autopod contains multiple digits, each of which has multiple joints, and is controlled by both 
extrinsic and intrinsic muscles by an intricate web of tendons. Taken together with the mobility of 
the wrist and ankle joint, the motor apparatus of the hand and foot exhibits a far greater range of 
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motion than more proximal joints. The large number of degrees of freedom in the autopod 
facilitates behavioral flexibility, allowing a given task to be performed in multiple ways. This 
feature presents a conundrum for the motor system, however, as it makes the autopod more 
difficult to control. The autopod does contain biomechanical restraints that serve to reduce the 
number of independent degrees of freedom, such as tendons that control multiple digits at once, or 
multiple joints within a digit. This is relevant in the hindlimb, where relatively few muscles control 
individual digits of the foot. The problem of motor control is thus especially critical for the hand, 
which is involved in non-locomotor behaviors such as reaching and grasping.  
 
 Various analyses of hand kinematics indicate that the control of fine motor behavior is 
mediated by extensive dimensionality reduction, such that the number of effective degrees of 
freedom in a given task may actually be relatively small (Santello et al., 2013). Evidence for 
dimensionality reduction comes from the observation that task performance is characterized by 
simultaneous motion of multiple digits that occurs consistently across trials. The consistency of 
fine motor task performance is apparent even across species. In an analysis of skilled reaching 
behavior in rats and humans, remarkable similarity can be observed in hand shape as the forelimb 
progresses through the movement (Figure 7.2; Sacrey et al., 2009). In both species, the digits are 
flexed and closed during the initial limb advancement, but extend and lower onto the object to be 
grasped in a pronated arpeggio movement before flexing around the object for retrieval.  
 
 Coordinated fine motor behavior is thought to be mediated by descending projections from 
the cerebral cortex and brainstem that modulate motor activity both through direct connections 
with motor neurons and through connections with premotor spinal interneurons (Figure 7.3). The  








Figure 7.2 Digit position during skilled reaching is conserved across species 
The position of the digits and wrist during five stages of the reaching movement for rat and 
human. Start: digits open and extended, hand pronated; Lift: digits closed and flexed, hand is 
supinated; Advance: digits closed extended, hand supinated; Pronation: digits opened and 
extended, hand pronated; Grasp: digits closed and flexed, hand pronated. From (Sacrey et al., 
2009). 
  





Figure 7.3 Overview of descending motor circuits 
In the right panel, ventromedial fibers (reticulospinal, tectospinal, vestibulospinal) are shown in 
green, arising from the brainstem reticular formation, superior colliculus, and vestibular 
complex. These fibers terminate bilaterally in the ventromedial part of the intermediate zone 
(IZ) (green area), with some direct projections to motor neurons supplying trunk and girdle 
muscles (dashed green lines). Dorsolateral fibers (rubrospinal) are shown in red, arising from 
the red nucleus. These fibers terminate contralaterally in the dorsolateral region of the IZ (red 
area) with some projections to the lateral group of motor nuclei innervating the arm and hand 
(dashed red lines). The corticobulbar projections to these brainstem nuclei are shown in black. 
In the left panel, corticospinal projections are shown in blue. Some projections terminate 
bilaterally in the ventromedial IZ (green area), whereas the majority terminate contralaterally in 
the dorsolateral IZ (red area). In humans, corticospinal projections directly contact motor 
neurons innervating the arm and hand (blue area). Adapted from (Lemon, 2008) 
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organization of these tracts and their contribution to dexterous digit motor control varies across 
species, thus accounting in part for differences in fine motor behavior. Descending brainstem 
pathways are classified into several groups. The ventromedial brainstem pathways include the 
reticulospinal, tectospinal and vestibulospinal tracts, all of which are involved in bilateral postural 
control and proximal limb movement. The dorsolateral brainstem pathways include the rubrospinal 
and pontospinal tracts are involved in unilateral movement of more distal limb segments. 
Descending cortical pathways modulate brainstem pathway activity through the corticobulbar 
tract, and modulate the activity of spinal interneurons and motor neurons through the corticospinal 
tract.  
 
 The two descending pathways most directly implicated in distal motor control are the 
rubrospinal and corticospinal tracts. Bilateral lesions of the corticospinal tract in macaque monkeys 
results in an initial flaccid paralysis, followed by a recovery period in which the monkeys regain 
the ability to walk and climb (Lawrence and Kuypers, 1968a). However, while monkeys regain 
some grasping ability, their fine motor skills remain impaired and they do not recover independent 
digit movement. Subsequent lesion in these animals of the lateral brainstem pathways, comprising 
the rubrospinal tract, leads to a loss of grasping ability which does not recover (Lawrence and 
Kuypers, 1968b). In rodents, the behavioral consequences of corticospinal and rubrospinal lesion 
are somewhat different (Whishaw et al., 1998). Both unilateral corticospinal and rubrospinal lesion 
lead to impaired reaching due to impaired rotatory movements in proximal muscles, such as 
aiming, pronation and supination, with corticospinal lesions leading to greater impairment. Only 
unilateral rubrospinal lesions, however, lead to impaired arpeggio movement necessary for 
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grasping. The distinct contributions of these two tracts in rodents and primates likely reflects 
differences in tract organization that underlie each organism’s degree of fine motor control.  
 
 The rubrospinal tract originates from the magnocellular red nucleus of the brainstem and 
projects to both spinal interneurons and motor neurons. The red nucleus first emerged in limbed 
vertebrates, but is less evident in primates and humans. The contribution of the rubrospinal tract 
to grasping behavior may be explained in part by its pattern of connectivity with forelimb motor 
neurons. It selectively forms connections with extrinsic forearm extensor motor neurons and 
intrinsic hand motor neurons to a lesser extent, but not extrinsic forearm flexor motor neurons 
(Colaco, 2011). Rather than controlling individual distal forelimb movements, the rubrospinal tract 
appears to be oriented towards the simultaneous activation of motor pools involved in digit 
extension. Nevertheless, the contribution of these direct contacts with motor neurons, compared to 
indirect contacts with spinal interneurons, remains unclear.    
 
 In both rodents and primates, the corticospinal tract modulates motor neuron activity 
through several interneuron pathways. Corticospinal projections contact segmental spinal 
interneurons located at the same rostrocaudal level as the corresponding motor neurons and 
propriospinal interneurons located in more rostral segments. The role of propriospinal neurons in 
the control of skilled forelimb movement has been explored in multiple model organisms. 
Propriospinal neurons receive direct and indirect supraspinal input from numerous sources, 
including corticospinal, reticulospinal and rubrospinal tracts, and integrate ascending information 
from sensory afferents and spinal interneurons (Alstermark and Isa, 2012). Propriospinal neurons 
at cervical levels innervate forelimb motor neurons, but also send a collateral projection to neurons 
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in the lateral reticular nucleus that in turn project to the cerebellum. Genetic studies in mice have 
revealed that excitatory propriospinal neurons are a subpopulation of V2a interneurons, and that 
cervical ablation of these neurons perturbs reaching (Azim et al., 2014). Moreover, selective 
activation of propriospinal projections to LRN also perturbs reaching through a polysynaptic 
cerebellar pathway that rapidly modulates motor output. These results suggest that one purpose of 
propriospinal neurons is to relay internal copies of premotor signals that facilitate online 
modulation of motor behavior.  
 
 In primates, the corticospinal tract also modulates motor neuron activity through direct 
cortico-motorneuronal (CM) connections that are not observed in lower species. The number and 
strength of these CM connections increases across primate evolution in parallel with the functional 
increase in digit dexterity (Lemon, 2008). In monkeys, the corticospinal tract selectively forms 
monosynaptic connections with motor neurons that control distal forelimb muscles, whereas CM 
connections are much more prevalent in humans at both forelimb and hindlimb levels. The 
observation that the CM system is a recently evolved feature of descending motor control has 
consequently led to the view that it is responsible for more new and dexterous aspects of motor 
behavior, including the voluntary control of individual digit movement. However, this view has 
yet to be directly tested. 
 
 Taken together, these observations suggest that the fine motor control of digits is controlled 
by several descending pathways, with varying hierarchies of importance that reflect behavioral 
variations in digit dexterity across different species. The finest degree of digit motor control is 
likely to be mediated by cortico-motorneuronal connections, which are found only in old world 
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primates. Next in importance is the control of reaching and grasp by indirect corticospinal 
connections, including those mediated by propriospinal neurons. Last is the rubrospinal tract, 
which has a more prominent role in mediating grasp behavior in lower vertebrates. A final potential 
contributor to descending fine motor control is the reticulospinal tract. Although reticulospinal 
projections have long been considered to be only involved in the control of proximal muscles, such 
as the head, trunk and proximal limbs, work in macaque monkeys has demonstrated that 
stimulation of reticulospinal pathways evoke mono- or oligosynaptic excitation in digit-
innervating motor neurons and spinal interneurons at caudal cervical segments (Riddle et al., 
2009). It is possible this direct reticulospinal pathway may have contributed in part to the motor 
recovery observed in primates following corticospinal and rubrospinal lesion.  
 
 Despite the considerable progress that has been made across multiple model organisms to 
elucidate the descending pathways that mediate fine motor control, a number of questions still 
remain. The involvement of digit-innervating motor neurons in dexterous fine motor behavior and 
their divergent patterns of gene expression raise the possibility that they are innervated by a distinct 
subset of premotor interneurons. Indeed, previous work indicates that the intrinsic foot motor pool, 
unlike more proximal hindlimb motor pools, does not receive recurrent inhibition from Renshaw 
interneurons (Bikoff et al., 2016). Four classes of ventral spinal interneurons have been defined, 
termed V0 to V3, each possessing distinctive patterns of transcription factor expression and local 
connectivity (Briscoe et al., 2000). V1 interneurons have also been shown to fractionate into highly 
diverse subsets that can be distinguished by their patterns of transcription factor expression, spatial 
distributions, physiologic signatures, and connectivity with motor neurons (Bikoff et al., 2016).   
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 Combining specific interneuron subtype markers with retrograde monosynaptic rabies 
tracing from intrinsic hand and foot muscles would facilitate a quantitative analysis of the 
frequency of interneuron subtypes that innervate these motor pools. One challenge of this approach 
is the combinatorial nature of interneuron transcription factor expression, whereas only several 
antibodies can generally be used at once for visualization. Single-cell fractionation followed by 
qPCR is another potential strategy, although it is currently unknown whether genetic analysis can 
be reliably performed on neurons infected with rabies virus. My identification of intrinsic hand 
and foot motor neuron specific genes may prove useful in gating viral strategies for performing 
retrograde tracing from these motor neuron subpopulations. Regardless of the methodology used, 
however, defining the nature of premotor inputs to digit-innervating motor neurons will be an 
essential step in elucidating the mechanisms of fine motor control. 
 
 Although much work has been done on the neural basis of skilled reaching and grasping 
behaviors, the expanded degrees of freedom of the hand facilitates the performance of an even 
wider range of behavioral repertoires. Given that the rubrospinal tract appears to be largely 
involved in digit extension, it is likely that the behavioral flexibility intrinsic to fine motor control 
derives from the corticospinal tract. Thus, a remaining question is how corticospinal outputs 
mediate behavioral adaptation given an invariant set of interneuron and motor neuron targets.  
 
 One possibility is that the indirect corticospinal pathway includes distinct subclasses that 
target particular subsets of interneurons. This question is currently being addressed through 
monosynaptic retrograde rabies tracing from genetically distinct classes of spinal interneurons. 
Examining the topographic distribution of corticospinal neurons that contact distinct classes of 
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spinal interneurons provides one clue as to whether these tracts are distinct. A newly developed 
rabies strain with reduced neurotoxicity will also permit the physiologic classification and 
manipulation of corticospinal neurons depending on their class of interneuron target (Reardon et 
al., 2016). If distinct corticospinal pathways differentially contribute to behavior, one would expect 
to see distinct patterns of activity in these pathways. It is also unknown whether the corticospinal 
projections that directly target motor neurons in primates emanate from a functionally distinct 
subclass of motor cortical neurons, although this question is more difficult to address given the 
experimental restrictions of this model system. These future studies, combined with ongoing 
efforts to understand the mechanisms of descending motor control in primates, will help to 
elucidate not only how the nervous system controls digit movement, but how the  nervous system 




 Limbs represent a significant innovation in the evolution of ambulatory motor behavior, 
but introduce the problem of how spinal networks coordinate the activities of many muscles in the 
limb. The assembly of spinal sensory and motor circuits in limbed vertebrates reflects the structure 
of limbs, and my work in this thesis has explored two aspects of the organization and specification 
of spinal circuits. I have defined more clearly the boundaries of how molecular and activity-
dependent mechanisms contribute to the establishment of spinal sensory-motor reflex circuits. I 
have also identified new and previously unappreciated patterns of gene expression that define and 
specify particular limb-innervating motor neuron subtypes. Although this work only begins to 
elucidate the complex genetic, molecular and activity-dependent mechanisms involved in the 
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assembly of spinal circuits, continued efforts in this area will provide key insights into the 
mechanisms through which the nervous system has diversified throughout evolution to establish 
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The following mouse strains were used in this study: Pv::cre (Hippenmeyer et al., 2005), R26floxstop-
TeNT (Zhang et al., 2008), Scip-LacZ (Bermingham et al., 1996), RARE-hsp68LacZ (JAX: 008477), 
Hoxc9 -/- (Jung et al., 2014). All experiments were performed in accordance with the National 
Institutes of Health Guidelines on the Care and Use of Animals and approved by the Columbia 





Immunohistochemical labeling of spinal cord tissue was performed on cryostat (12-14 µm) or 
vibratome (70 µm) sections as described (Sürmeli et al., 2011). For cryosections, 
immunohistochemistry was performed by overnight incubation of the tissue at 4° in primary 
antibody diluted in phosphate buffered saline (PBS) with 0.1% trition, 0.1% BSA and 0.01% 
NaAz. The tissue was then washed 3x in PBS for 5 minutes each and incubated with secondary 
antibody diluted in PBS for 1 hour at room temperature. Sections were then washed in PBS and 
mounted in Vectashield (Vector Laboratories). For detection of synaptic proteins, 0.3% PBT was 
substituted. For vibratome sections, immunohistochemistry was performed by overnight 
incubation of the tissue at 4° in primary antibody diluted in 0.2% PBT with 0.5% BSA and 0.01% 
NaAz. The tissue was then washed for 4 hours in 0.2% PBT and incubated for 7 hours at room 
temperature with secondary antibody diluted in 0.2% PBT with 0.5% BSA and 0.01% NaAz. 
Sections were then washed in PBS overnight and mounted in Vectashield. Images were acquired 
on Zeiss LSM-510 Meta confocal microscopes.  





Postnatal tissue was processed for immunohistochemistry by intracardial perfusion of the 
anaesthetized mouse with 4% PFA/0.1M PB fixative at 4°. For vibratome sections, spinal cords 
were dissected and post-fixed overnight in 4% PFA/0.1M PB, then washed in cold PBS and 
embedded in warm 4% low-melting point agarose. For cryosections, postnatal spinal cords were 
dissected and post-fixed for two hours, washed in cold PBS and cryoprotected overnight in 30% 
sucrose in 0.1M PB, then embedded in OCT (TissueTek) and stored at -80°. 
 
Embryonic immunohistochemistry 
Embryonic tissue was processed for immunohistochemistry by fixing in 4% PFA/0.1M PB for 
various times depending on age as follows: e11.5- 1 hour, e12.5-e13.5- 1.5 hours, e14.5- 1 hour 
and 45 minutes, e16.5-p0- 2 hours. At e12.5 and later, ventral laminectomy was performed prior 
to fixation.  
 
Antibodies 
Antibodies used in this study were as follows: goat anti-CTB (1:8000, List Biological 
Laboratories), rabbit anti-tetramethylrhodamine (1:1000, Invitrogen), goat anti-ChAT (1:200, 
Chemicon), rabbit anti-ChAT (Demireva et al., 2011), rabbit anti-VAMP 1 (1:1000, Synaptic 
Systems), mouse anti-VAMP 2 (1:500, Synaptic Systems), Rabbit anti-VAMP 3 (1:1000, Synaptic 
Systems), guinea pig anti-vGluT1 (1:32000, Betley et al., 2009), chicken anti-Pv (1:10000, de 
Nooij et al., 2013), rabbit anti-CRABP2 (1:500, Proteintech), guinea pig anti-FoxP1 (1:16000, 
Dasen et al., 2008), rabbit anti-FoxP1 (1:64000, Dasen et al., 2008), guinea pig anti-RALDH2 
EXPERIMENTAL PROCEDURES 191 
 
 
(1:16000, Dasen et al., 2008), rabbit anti-RALDH2 (mouse only, 1:8000, Dasen et al., 2008), 
guinea pig anti-mScip (mouse only, 1:8000 ), rabbit anti-mScip (mouse only, 1:8000), guinea pig 
anti-cScip (chicken only, 1:16000,  Dasen et al., 2005), chicken anti-βgal (1:1000, Abcam), rabbit 
anti-pSMAD1/5/8 (Dasen et al., 2008), guinea pig anti-Hoxc9 (1:16000, Jung et al., 2010), mouse 
anti-Hoxc9 (1:100, Liu et al., 2001), mouse anti-Hoxc8 (1:100, Liu et al., 2001), Alexa 488-
conjugated mouse anti-Hoxc8 (1:2000, provided by Jeremy Dasen), guinea pig anti-Isl1 (1:10000, 
Tanabe et al., 1998), rabbit anti-Isl1 (1:5000, Tsuchida et al., 1994), sheep anti-GFP (1:1000, AbD 
Serotec), sheep anti-nNOS (1:4000, Millipore), rabbit anti mPea3 (mouse only, 1:4000), rabbit 
anti-cPea3 (chicken only, 1:6000, Lin et al., 1998), rabbit anti-Hb9 (1:8000, Tanabe et al., 1998), 
Rabbit anti-Caspase (1:500, Cell Signaling)  
 
Antibodies were generated in several species using the following peptide sequences, the species 
of generation and dilutions used are included. All peptides were conjugated to KLH through the 
terminal cysteine residue before injection.  
 
Guinea pig anti-Fign: KRKAFYMAGQGDMDSSYG 
(1:8000 dilution, compatible with mouse and chick tissue)  
Guinea pig anti-Cpne4: KKMSNIYESAANTLGIFNS 
(1:3000 dilution, compatible with mouse only) 
 
Secondary antibodies were generated in Donkey (Jackson Immunoresarch Laboratories) and 
conjugated to FITC, Cy3 or Cy5 or Alexa 488 (Invitrogen). Those conjugated to FITC, Cy3 or 
Alexa 488 were diluted 1:1000 and those conjugated to Cy5 were diluted 1:500. Primary antibodies 
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or dyes coupled to biotin were detected using Streptavidin conjugated to Alexa 555 (Invitrogen), 
diluted 1:1000.  
 
 
Retrograde labeling of sensory and motor neurons 
 
Postnatal retrograde labeling 
Motor neurons supplying individual muscles were retrogradely labeled in vivo by the 
intramuscular injection of 1% CTB-Alexa 488 (Invitrogen), 0.1% CTB-Alexa 555 (Invitrogen), 10% 
3000 MW Tetramethylrhodamine Dextran (Rh-Dex) (Invitrogen) or 10% 3000 MW Dextran Biotin 
(Invitrogen). Motor and sensory neurons were labeled by the intramuscular injection of 1% cholera 
toxin B subunit (CTB) (List Biological Laboratories). A small amount of 10% fluorescein dextran 
(Invitrogen) was added to the 1% CTB solution for muscle visualization.  
 
P16 mice were anesthetized by 3-4% isofluorane inhalation. A small incision was performed on the 
skin to expose the muscle of interest. Dye was loaded into pulled glass microelectrodes by suction and 
injected into the muscle through application of positive pressure. Dextran injections were performed 
at multiple sites, whereas CTB injections were performed at a single site. The skin was sutured 
following injection and the animals were allowed to recover from surgery for 4 days prior to perfusion. 
Following perfusion, the muscles were dissected and visualized under an epifluorescent dissecting 
microscope to determine injection specificity. P0-p4 mice were anaesthetized on ice. For motor neuron 
visualization, animals were perfused 1-2 days following dye injection. For sensory neuron 
visualization, animals were perfused 3 days following dye injection.  
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Embryonic retrograde labeling 
E14.5 embryos were eviscerated and dissected in ice-cold aCSF (127 mM NaCl, 3 mM KC1, 1.25 
mM NaH2P04, 26 mM NaHC03, 10 mM D-glucose, 1 mM MgCl2 and 2 mM CaCl2). The embryos 
were pinned and the dorsal epidermis was removed. A pulled glass capillary was used to inject 
10% Tetramethylrhodamine Dextran or Dextran Biotin into individual muscles. After injection, 
embryos were incubated in continuously oxygenated circulating aCSF (95/5% CO2/O2) for 4-5 hours 
at 27°.   
 
Spatial analysis of motor pool position 
Individual motor neurons were assigned (x,y) coordinates with respect to the central canal in 
IMARIS and normalized to standard spinal cord dimensions: (1010, 640) at p21 and (760, 450) at 
p7. Contour plots were generated from the normalized (x,y) coordinates. The centroid of each 
motor pool (𝑥,𝑦) was calculated by averaging the normalized x and y coordinates across all motor 
neurons within the pool. The position of each motor neuron with respect to the centroid of a 
neighboring motor pool was determined as ((x-𝑥),(y-𝑦)) for each motor neuron within a pool. 




Quantification of synaptic contacts with motor neurons 
 
Quantification of vGluT1+ sensory bouton contacts with motor neuron somata and ~100 µm 
dendritic arbor was performed using 0.6 µm confocal z scans of 70 µm thick sections. γ-motor 
neurons were excluded from analysis based on their small size and bipolar morphology (Friese et 
al., 2009). Motor neuron surface area was calculated using IMARIS surface function. Bouton 
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distance from motor neuron soma was calculated using IMARIS. Bouton cross section area was 
calculated using ImageJ. Average fluorescence intensity was calculated using histogram function 
of Adobe Photoshop.  
 
Estimation of Relative Homonymous and Heteronymous Connectivity Levels 
We first determined the average percentage of vGluT1+ boutons labeled by CTB across each 
homonymous synaptic pair for each motor neuron receiving input. Because the degree of 
homonymous labeling varied across the three muscles, we computed the ratio between each 
homonymous pair (example: 𝑇𝐴 → 𝑇𝐴 ÷ 𝐸𝐷𝐿 → 𝐸𝐷𝐿 ). 
 
 We then used the ratios to normalize our measurements of the average percentage of vGluT1+ 
boutons labeled by CTB across each heteronymous synaptic pair. Example: 
𝐸𝐷𝐿 → 𝑇𝐴 n = 𝐸𝐷𝐿 → 𝑇𝐴 × ( 𝑇𝐴 → 𝑇𝐴 ÷ 𝐸𝐷𝐿 → 𝐸𝐷𝐿 ) 
 
Performing this normalization allowed us to compare the ratio of heteronymous to homonymous 
input onto each motor pool. Example:  
Ratio of heteronymous to homonymous input on TA motor neurons = 𝐸𝐷𝐿 → 𝑇𝐴 n ÷ 𝑇𝐴 → 𝑇𝐴 
 
It also allowed us to estimate the relative contributions of homonymous and heteronymous input 
to the total input onto each motor pool. Example:  
Percentage of homonymous input on TA = 𝑇𝐴 → 𝑇𝐴 ÷ ( 𝑇𝐴 → 𝑇𝐴 + 𝐸𝐷𝐿 → 𝑇𝐴 n) 
Percentage of heteronymous input on TA = (𝐸𝐷𝐿 → 𝑇𝐴 n) ÷ ( 𝑇𝐴 → 𝑇𝐴 + 𝐸𝐷𝐿 → 𝑇𝐴 n ) 
 






Whole Cell Recordings from Visually-Identified Motor Neurons in a Spinal-Hindlimb 
Preparation 
P0 pups were injected with CTB-488 in either TA or PL muscles. At day of physiological 
experiment, p2-p6 animals were decapitated and the spinal cord dissected and removed under cold 
(~9°C) artificial cerebrospinal fluid (aCSF) containing in mM: 128.35 NaCl, 4 KCl, 0.58 
NaH2PO4.H20, 21 NaHCO3, 30 D-Glucose, 1.5 CaCl2.H20, and 1 MgSO4.7H20. The spinal cord 
was dissected in continuity with the sciatic nerve and hind limb. The L4 and L5 ventral roots were 
cut, leaving intact the dorsal roots. The sural and tibial nerves were cut close to the entry point of 
the hind limb leaving the common peroneal nerve intact, which innervates the TA, EDL and PL 
muscles. The spinal cord-hind limb preparation was then transferred to a customized recording 
chamber located under the objective of a confocal microscope (Leica SP5) equipped with 3 single 
photon (488, 543, 633nm) and a 2-photon laser (Spectra Physics, Mai Tai Deep See), and perfused 
continuously with oxygenated (95%O2/5%CO2) aCSF (~13 ml/min). Ventral roots were placed 
into suction electrodes to stimulate motor neuron axons. Concentric needle electrodes (P12CEA3, 
Microprobes, MD, USA) were inserted into the belly of the TA, EDL and PL muscles to activate 
proprioceptive fibers from each muscle. 
Whole-cell recordings were obtained with patch electrodes advanced through the lateral aspect of 
the intact spinal cord. The electrodes were filled with intracellular solution containing (in mM): 
10 NaCl, 130 K-Gluconate, 10 HEPES, 11 EGTA, 1 MgCl2, 0.1 CaCl2 and 1 Na2ATP, pH adjusted 
to 7.2–7.3 with KOH. Alexa 543 Hydrazide (50 µM) was added to the solution to label the recorded 
motor neuron (final osmolarity of the intracellular solution was ~305–309 mOsm). 
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Motor neurons were visually targeted after removal of the dura and pia mater from the lateral 
aspect of the cord over the L3-L6 spinal segments. By pre-labeling TA and PL motor neurons in 
vivo, we were able to cut the ventral roots and thereby avoid using antidromic stimulation of a 
muscle to determine the identity of motor neurons. Muscle stimulation results in an antidromic 
action potential in the homonymous motor neuron and the disynaptic recurrent IPSP (Mentis et al., 
2005), which would have complicated detection of the afferent-evoked EPSPs. The patch electrode 
was controlled by a motorized four-axis micromanipulator (Scientifica, UK) and was advanced 
towards the motor neuron nucleus. The identity of the recorded neuron was initially confirmed as 
a motor neuron by the presence of an antidromic action potential following ventral root 
stimulation. Single or two-photon excitation (when depth of pool > 70 µm) was used to confirm 
the muscle identity of the motor neuron recorded by checking for co-localization of CTB-488 with 
the intracellular solution containing Alexa 543 Hydrazide.  
Motor neurons were accepted for further analysis only if the following three criteria were met: (i) 
resting membrane potential of −50mV or more negative (ii) an overshooting antidromically evoked 
action potential and (iii) at least 30 minutes of recording. All measurements of synaptic potentials 
were made at −60mV using continuous current injection if necessary. Synaptic potentials were 
recorded from individual motor neurons (DC - 3 KHz, Multiclamp 700A, Molecular Devices) in 
response to stimulation of each of the three muscles (A365, current stimulus isolator, WPI, FL). 
The stimulus threshold was defined as the stimulation current at which the minimal evoked 
response was recorded in 3 out of 5 trials at 0.2 Hz. The muscles were stimulated at 2x and 5x 
threshold resulting in suprathreshold (or maximal) responses. Recordings were fed to an A/D 
interface (Digidata 1320A, Molecular Devices) and acquired with Clampex (v9, Molecular 
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Devices) at a sampling rate of 10 KHz. Data were analyzed offline using Clampfit (Molecular 
Devices). Measurements were made on averaged traces (3–10 trials). 
Extracellular Ventral Root Recordings Following Dorsal Root Stimulation 
Following spinal cord isolation in oxygenated aCSF, suction electrodes were placed in the L4 and 
L5 dorsal and ventral roots. Extracellular recordings (Cyberamp, Molecular Devices; amplified 
1000x and acquired at DC - 3 KHz) were obtained from L4 and L5 ventral roots in response to 
stimuli (duration 0.2 ms) from the dorsal roots (L4 or L5) delivered by a stimulus isolator (A365 
- WPI, Sarasota, FL) at 2-5x threshold. Extracellular recordings were sampled at 10 KHz and the 
recordings were analyzed off-line using Clampfit (Molecular Devices). Off-line analysis was 
performed by averaging 3 to 10 traces. The latency of the afferent-evoked ventral root potentials 
was defined as the time from the onset of the stimulus artifact to the first measurable deflection of 
the potential from the baseline.  
 
Whole Cell Recordings from Individual Motor Neurons Following Dorsal Root Stimulation 
In intracellular recordings, synaptic potentials were recorded from individual motor neurons (DC 
- 3 KHz, Multiclamp 700A, Molecular Devices) in response to orthodromic stimulation (A365, 
current stimulus isolator, WPI, Sarasota, FL) of a dorsal root (L4 or L5). Motor neurons were 
patched blindly. Motor neuron identity was confirmed by the presence of antidromic evoked action 
potential following ventral root stimulation. The stimulus threshold was defined as the current at 
which the minimal evoked response was recorded in 3 out of 5 trials. The nerve was stimulated at 
2-5x threshold. Recordings were fed to an A/D interface (Digidata 1320A, Molecular Devices) 
and acquired with Clampex (v9, Molecular Devices) at a sampling rate of 10 KHz. Data were 
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analyzed off-line using Clampfit (Molecular Devices). Measurements were made on averaged 
traces (3-10 trials).  
 
Spike-timing dependent refinement model 
 
The motor neuron was modeled as an integrate-and-fire neuron with a membrane time constant of 
20 ms, resting and reset potentials of -60 mV, and a threshold of -54 mV. The neuron had a 
membrane resistance of 10 Malthough this number only serves to normalize the currents and 
conductances of the model. The model neuron received an input current B[cos(2t/T)]+, with B = 
0.8 nA, T = 500 ms and the bracket indicating rectification. Each sensory action potential caused 
the synaptic conductance to increase instantaneously by an amount g, and then to decay 
exponentially with a time constant of 5 ms. The synaptic conductance g is constrained to lie 
between zero and a maximum value gmax = 1 nS. It is initialized at its maximum value. 
 
The synaptic conductance g is subject to STDP through the following procedure. Every pre-post 
spike pair at a synapse changes g by an amount that depends on the time difference between them. 
When a presynaptic spike precedes a postsynaptic spike by a time t, g is increased by an amount 
A+exp(-t/+)gmax with A+ = 0.01 and + = 10 ms. When a presynaptic spike follows a postsynaptic 
spike by a time t, g is decreased by an amount A-exp(-t/-)gmax with A- = 0.00175 and - = 100 
ms. All spike pairs contribute in this way and their total impact is computed by summing the 
contributions from each pair. If the conductance of any synapses falls below g = 0.01gmax the 
synapse is permanently eliminated. 
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Motor pool genetic screen 
 
Individual motor pools were labeled by injecting 0.1% CTB-Alexa 555 into individual muscles of 
p4 mice. At p6, the animals were anaesthetized on ice, then decapitated and eviscerated. In all 
instances possible, bench spaces and tools were subsequently cleaned with RNAzap (Life 
Technologies). Ventral laminectomies were quickly performed in cold PBS and the unfixed spinal 
cords were embedded longitudinally, ventral side down, in OCT and frozen at -80°. The muscles 
were then examined under epifluorescence for specificity, and spinal cords from non-specific 
injections were discarded.  
 
Prior to cryosectioning, RNAse free 1.0 PEN MembraneSlides (Zeiss) were UV crosslinked for 
30 minutes at optimal power. The cryostat was cleaned with 95% EtOH. Frozen blocks were 
cryosectioned at 12 µm, with the angle of the block adjusted to section the spinal cord at a 
perpendicular cutting surface. The MembraneSlides were then placed in a slide box and frozen at 
-80° for laser capture microdissection. Laser capture microdissection was performed on the PALM 
Microbeam System (Zeiss). A solution of 300 µl lysis buffer with 2.1 µl BME was prepared for 
cell lysis. Cells from a set of slides corresponding to a single animal were preserved in 40 µl of 
the lysis buffer/BME mixture. The surface area captured in um2 was recorded for each set of slides.  
 
Each biological replicate required approximately 1 ng of RNA, corresponding to approximately 
170000 um2 of laser captured surface area. For RNA purification, samples from individual animals 
were pooled to provide at least 250000 um2 of laser captured surface area per biological replicate. 
Depending on the size of the motor pool, each biological replicate thus contained 30-40 cells from 
2-5 animals.  




RNA was purified with the Absolutely RNA Nanoprep Kit (Agilent). cDNA was subsequently 
amplified with the Ovation RNA-Seq System V2 (NuGEN). cDNA libraries were constructed 
using the Nextera DNA Sample Prep Kit (Illumina) and sequenced on an Illumina HiSeq 2000 to 
a depth of 25-30 million single-end reads per sample. Analysis was carried out using 
ExpressionPlot software (Friedman and Maniatis, 2011). Briefly, reads were aligned to the mouse 
mm9 genome assembly and annotated using the Ensembl v62 database. Differential expression 
analysis was performed using DESeq. 
 
In situ hybridization 
 
In situ hybridization was performed on 16 µm cryostat sections as previously described (Tsuchida 
et al., 1994). Embryonic tissue from e11.5-e13.5 animals was fixed overnight in 4% PFA/0.1M 
PB at 4°, washed several times with PBS and cryoprotected overnight in 30% sucrose in 0.1M PB, 
prior to embedding in OCT and freezing at -80°. Tissue from animals aged e16.5 and older was 
embedded directly in OCT without fixation.  
 
Combined DIG in situ hybridization with CTB-Alexa 555 retrograde backfill was performed on 
overnight fixed tissue with the following amendments: proteinase K digestion was omitted, the 
slides were permeabilized for 30 minutes following acetylization in 1% PBT and primary antibody 
was added along with anti-DIG AP in 0.1% PBT. Secondary antibody was incubated prior to AP 
development. Combined fluorescent in situ hybridization with immunohistochemistry was 
performed on tissue that had been fixed for 2 hours with the tyramide signal amplification (TSA) 
Plus Fluoresence System (PerkinElmer) according to the manufacturer’s protocol. Proteinase K 
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digestion was omitted and the slides were permeabilized for 30 minutes following acetylization in 
1% PBT 
 
Anti-sense probes were generated by polymerase chain reaction (PCR) from mouse spinal cord 
and whole embryo cDNA libraries. cDNA libraries were synthesized using the SuperScript III 
First-Strand Synthesis System for RT-PCR (Invitrogen) from RNA purified using the Absolutely 
RNA Miniprep Kit (Agilent). Primer design was performed with the assistance of the web based 
Primer3 program (http://bioinfo.ut.ee/primer3-0.4.0/) with an optimal probe length of 500-600 
base pairs. Amplification of the probe was performed with specific primers (Operon), after which 
PCR products were purified on a gel, subcloned into Topo-TA (Life Sciences) and sequenced. 
DNA templates were amplified by PCR from the resulting plasmids and used to synthesize 
digoxegenin (DIG) or fluorescein labeled probes using the appropriate RNA labeling kit (Roche).  
 
Chick limb ablation 
 
Unilateral chick hindlimb ablations were performed as described (Calderó et al., 1998). Limb bud 
ablations were performed between stages 18 and 20, and embryos were permitted to develop to 
stage 28. Only embryos missing the entire leg and pelvic girdle were used for subsequent analysis.  
 
In ovo electroporation 
 
In ovo electroporation was performed at brachial levels of stage 14-17 embryos as described and 
analyzed at stage 28 (Dasen et al., 2005). For misexpression of Hox genes, plasmids were titrated 
at 100-500 ng/µl pCAGGS vector to generate levels of ectopic protein expression qualitatively 
similar to endogenous levels using pBSK as carrier DNA to a total level of 2 ug/µl. Hox 
EXPERIMENTAL PROCEDURES 202 
 
 
misexpression results are representative of >5 experiments in which the electroporation efficiency 
in MNs was >50%. For expression of the constitutively active retinoic acid receptor, pCIG-
VP16RAR was titrated at 1 ug/µl using pBSK as carrier DNA. VP16RAR misexpression results are 
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